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ABSTRACT 
The synergistic effects of anthropogenic disturbance, habitat fragmentation and climate change 
pose a significant threat to biodiversity that is challenging to predict. Anthropogenically driven 
climate change has already begun to impact critical climate regions and is now recognized to 
be one of the most serious threats to biodiversity and the conservation thereof. Despite this, 
few conservation planning initiatives have sought to sharpen the focus of the systematic 
conservation planning (SCP) framework to explicitly include climate change. To promote the 
evolution of the SCP framework into a climate change-conscious (CCC) approach to 
conservation planning, I developed and applied a methodology for incorporating climate-
change resiliency into the SCP framework. This CCC-SCP methodology can be used to guide 
future conservation planning initiatives, helping conservation planners recognize and respond 
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research.  
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areas of particular importance for biodiversity and ecosystem services by 2020.   
ArcGIS: A geographic information system platform used to create, manage, share, perform 
geoprocessing tasks, analyze spatial data and produce maps.  
Avoidance Buffers: Spatial representations of variable distances at which woodland caribou 
avoid various permanent anthropogenic developments.  
Backward Climate Velocity: The distance from a projected future climate location back to 
analogous existing climate locations. This metric is often interpreted as a relative difficulty of 
species to colonize a new habitat as it reflects the exposure of organisms to climate change 
(Hamann, Roberts, Barber, Carroll & Neilson, 2015). 
Biodiversity: Refers to the complete range of species and genetic variation that comprises a 
biological community (Primack, 2010). 
Biogeoclimatic Zone: An ecological classification system representing geographic areas 
with similar patterns of energy flow, vegetation, and soils as a result of a broadly 
homogenous macroclimate (Province of British Columbia, 1995).  
xvii
Biodiversity Surrogate: A component of a given ecosystem that can be easily measured and 
used as an indicator, or proxy, to represent the greater biodiversity of a particular ecosystem 
(Grantham, Pressey, Wells & Beattie, 2010). 
Biotic Refugia: Areas with increasingly rare climatic conditions, required by, and within 
reach of, a species in the future (Michalak, Lawler, Roberts & Carroll, 2018).  
Circuitscape: A computational tool developed for modeling landscape connectivity using 
circuit theory with a novel moving-window algorithm to quantify the landscape permeability 
(i.e., potential species’ movement) between historical climates and their future analogs 
(McRae et al., 2016). 
Climate Analog: Refers to sites that share similar climatic conditions that may be separated 
geographically and/or temporally. 
Climate Change Resilience: The ability of an ecosystem to maintain self-organizing 
processes and structures in the face of shifting climatological regimes (Morecroft Crick, 
Duffield & Macgregor, 2012).   
Climate Change Velocity: A function of the spatial and temporal variation in climate across 
a landscape that emerged as a useful index to evaluate the rate of migration required by 
populations to track changing climate conditions (Loarie, Duffy, Hamilton, Asner, Field & 
Ackerly, 2009). 
Climate Corridor: Paths between current climate types and their future analogs that could 
be used by species as they track shifting climates while avoiding non-analogous climates 
(Carroll, Parks, Dobrowski & Roberts, 2018). 
xviii
Coarse-filter Conservation Feature: Features that are typically representative of ecological 
patterns and biophysical processes. 
Complementarity: The extent to which selecting for one conservation feature results in 
adequate representation of another by default.  
Cost Surface: A spatial representation of the elements in a planning region that have been 
identified as having a negative impact on the conservation features being selected for.  
Fine-filter Conservation Feature: A feature that represents a component of a given 
planning region that is endemic, rare, threatened, or characteristic of multiple other values in 
that region.  
Gnarly Landscape Utilities: An ArcGIS toolbox designed to support connectivity 
modelling software including Circuitscape and LinkageMapper. It is used to create resistance 
and habitat layers as well as to create core areas (McRae, Shirk & Platt, 2013). 
High Conservation Value/Diversity: Refers to a planning unit or area that contains multiple 
overlapping conservation features predetermined to be effective surrogates for biotic and 
abiotic diversity in a planning region.  
Integer Linear Programming (ILP): A computational algorithm that increases the 
processing speed of MARXAN and identifies the optimal solution for conservation at the 
lowest cost.  
Keystone Species: A species whose presence within a given ecosystem is critical for the 
ongoing maintenance and function of that ecosystem (Primack, 2010).  
xix
Land Facet: An area containing distinct combinations of abiotic variables such as slope, 
aspect, elevation and landform.  
Landscape Permeability/Resistance: Refers to the measures of current (movement of 
organisms) and resistance (opposition to individual movement) between nodes (habitat 
patches) which can be interpreted as the movement probabilities of organisms across a 
resistance raster/landscape. 
LinkageMapper: An ArcGIS toolbox that utilizes both random walk analysis and electric 
circuit theory to measure the matrix permeability of all possible pathways available to 
moving organisms across a landscape/surface (McRae, Dickson, Keitt, & Shah, 2008). This 
allows measures of current and resistance between nodes which can be interpreted as the 
movement probabilities of organisms across a landscape. 
Local Knowledge: A cumulative body of knowledge and beliefs, handed down through 
generations by cultural transmission, about the relationship of living beings with one another 
and with their environment. 
MARXAN: Computational software that prioritizes areas for conservation based on user-
defined targets and constraints.  
Multivariate Climate Velocity: Calculates the minimum distance to an analogous climate, 
divided by the number of years between the baseline climate period and the future projection 
(Burrows et al., (2014). 
Natural Disturbance Regime: An area that has a distinct pattern of both frequency and 
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xx
North American Cordillera: A band of contiguous, mountainous terrain that spans the 
length of western North America. 
Novel Climate: Areas characterized by climatic conditions with no analog in the 
observational record (Williams, Jackson & Kutzbach, 2007). They can be detected using 
backward climate velocity by calculating novelty as the climatic distance (Dmin) between the 
projected climate and its closest historical analog (Williams et al., 2007; Mahony, Cannon, 
Wang & Aiken 2017). 
Paris Agreement: Established December 2015 at the Paris Climate Conference, where 
Parties under the United Nations Framework Convention on Climate Change pledged to 
work towards zero net anthropogenic greenhouse (GHG) emissions by the second half of the 
21st century to limit global average temperature rise to below 2°C this century, as well as to 
pursue efforts to limit the increase to 1.5°C. 
Permanent Development / Hard Footprint: Areas where anthropogenic 
disturbances/developments have resulted in the complete removal of vegetation, alteration of 
soil structure, and manipulation of topography.  
Planning Unit: A parcel of land (raster cell) that is made available for selection by 
MARXAN-ILP. 
Planning Unit Cost: A penalty metric assigned to planning units meant to serve as an 
acquisition cost that increases efficiency of selection by MARXAN-ILP.  
xxi
Solution/Portfolio: The spatial solution for a MARXAN-ILP conservation scenario within a 
planning region that is designed to inform decision-making processes for protected area 
establishment.  
Protected Area: A clearly defined geographical space, recognised, dedicated, and managed, 
through legal or other effective means, to achieve long term conservation of nature with 
associated ecosystems services and cultural values (Dudley, 2008).  
Representativeness: The extent to which the spatial footprint of given conservation feature 
is captured within the bounds of a protected area.  
Resource Development: The spatial footprint of anthropogenic activity on the land base.  
Rocky Mountain Corridor: Contiguous band of high-elevation mountain peaks and ridges 
that run down the spine of the Wild Harts Study Area (WHSA). 
Scenario: An iteration of prioritization completed by MARXAN-ILP that has a distinct 
combination of user-defined inputs and constraints.  
Science-based Conservation Target: The specific representative targets for conservation 
features, informed by scientific literature, suggest it is necessary to ensure the persistence of 
those features (Svancara, Brannon, Scott, Groves, Noss & Pressey, 2005).  
Special Features: Those ecosystem components that are sensitive, spatially-limited, or of 
high biodiversity value (Heinemeyer et al, 2004).  
xxii
Systematic Conservation Planning: A structured approach for identifying candidate-
protected areas that represent the values, goals, and constraints of a given planning process 
(Margules & Pressey, 2000).  
User-defined Inputs: Refers to the various mechanisms used to place constraints on a 
MARXAN-ILP solution to achieve a desired result. These include features, planning units, 
targets, and cost surfaces.  
Umbrella Species: A species whose life-history requirements capture the needs of multiple 
other species (Primack 2010).  
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1.1 The State of Our Planet & Protected Areas Network 
 In the Anthropocene epoch, as humans transform the biosphere in unprecedented 
ways and rates, loss of biodiversity is one of the planet’s prevailing environmental 
challenges. Worldwide, the rapidly expanding human footprint threatens the persistence of 
protected areas that serve as refuges for species and ecosystems. Furthermore, human-
induced climate change perturbs regional precipitation patterns and temperature regimes, 
thereby altering ecosystem composition, structure, and function, forcing species to quickly 
adapt to new environmental conditions, migrate, or perish. Against this backdrop, protected 
areas play a critical role in the long-term conservation of biodiversity by ensuring the 
persistence of areas that sustain species and ecosystems. Consequently, establishing protected 
areas networks has been the cornerstone of global biodiversity conservation efforts. Now 
more than ever, pre-emptive systematic conservation planning is required to combat the 
novel challenges of unprecedented anthropogenic pressures in a future characterized by 
unpredictable climate conditions. 
 Three-quarters of the planet’s terrestrial areas have already been altered by 
anthropogenic activities (Venter et al., 2016) to the point that they can no longer be 
considered natural (Watson et al., 2016). Between 2.8 and 3.0 million km2 of the planet’s 
wilderness is projected to be lost by 2030 (Venter, Watson, Atkinson, & Marco, in press). 
This would result in a total of 5.6-5.8 million km2 of wilderness lost since 1993 – a 5% loss 
in less than 40 years. Even in areas such as North America where the threat of wilderness 
loss is much lower, a large projected loss is anticipated in the region by 2030 (0.21 – 0.22 
2
million km2) (Venter, et al., in press). Globally, wilderness conversion exceeds protection by 
a ratio of 8:1 in temperate grasslands and Mediterranean biomes, and 10:1 in more than 140 
ecoregions (Hoekstra, Boucher, Ricketts, & Roberts, 2005). Human impacts on the natural 
environment have reached such proportions that the term “biome crisis” has been coined to 
describe the emergence of substantial and widespread disparities between habitat loss and 
protection across ecoregions and, at a global scale, across entire biomes (Hoekstra et al., 
2005). 
 In addition to the rapid conversion of our planet’s wilderness areas, the long-term 
impacts of climate change pose a significant threat to biodiversity that is challenging to 
predict. Anthropogenically driven climate change has already begun to impact critical 
climate regions and is now recognized to be one of the most serious threats to biodiversity 
and the conservation thereof (Lemieux, Beechey, Scott, & Gray, 2011). Climate change 
induced by human-generated greenhouse gas (GHG) emissions is now implicated in a myriad 
of coincident impacts. These include disturbances in regional precipitation patterns and 
temperature regimes, sea-level rise, severe weather events, and changes in ecosystem 
composition, structure, and function (IPCC 2007a, 2007b; Lemmen, Warren, Lacroix & 
Bush, 2008).  
 Global climate change is proceeding at unprecedented rates and accelerated climatic 
changes are expected for the 21st century (IPCC 2007a, 2007b). An increase in carbon 
dioxide and other human-made emissions into the atmosphere has increased the average 
global surface temperature by approximately 1.1 ºC since the late 19th century (GISTEMP 
Team, 2017; Hansen, Ruedy, Sato & Lo, 2010). Most of the warming occurred within the last 
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35 years, with 16 of the 17 warmest years on record occurring since 2001. Not only was 2016 
the third year in a row to set a new record for global average surface temperatures, making it 
the warmest year on record, but eight of the 12 months that made up the year (January 
through September with the exception of June) were the warmest on record for those 
respective months (GISTEMP Team, 2017; Hansen et al., 2010). Within Canada, warming 
rates have increased at nearly double the global average (Environment and Climate Change 
Canada, 2016). 
 The Intergovernmental Panel on Climate Change (2007b) has suggested that 
approximately 20–30% of the planet’s species are likely to be at increased risk of extinction 
if increases in global average temperatures exceed 1.5-2.5ºC. Concerningly, these estimates 
may be optimistic when the synergistic effects of habitat fragmentation and climate change 
are considered. Rapidly declining rates of biodiversity resulting from such synergistic effects 
have led to discussions of an impending sixth major mass extinction analogous to the five 
previously documented (Pimm et al., 2014). Scientists estimate the planet is already losing 
species at 1,000 to 10,000 times the background rate of one species per million species each 
year (Chivian & Bernstein, 2008) with as many as 30 to 50 percent of all species possibly 
heading toward extinction by mid-century (Thomas et al., 2004). According to the 
International Union for Conservation of Nature (IUCN, 2017) Red List of threatened and 
endangered species (Version 2017.3), 25% of mammal species, 41% of amphibians and 43% 
of conifers are currently threatened. Furthermore, the Living Planet Index calculates that on 
average, global vertebrate populations of 3,706 monitored vertebrate species declined an 
average of 58% between 1970 and 2012 (McGill, Dornelas, Gotelli, & Magurran, 2015). If 
these trends continued until 2020, vertebrate populations could have declined by an average 
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of 67% compared to 1970. The Living Planet Report Canada (WWF-Canada, 2017) found 
that from 1970 – 2014, half of monitored wildlife species in Canada declined in abundance. 
Approximately half of the mammals (54 percent), birds (48 percent), fish (51 percent), as 
well as amphibians and reptiles (50 percent) included in the analysis exhibited declining 
trends. What’s more, of those species with declining trends, the Living Planet Report Canada 
found an average decline of 83% from 1970 to 2014 (WWF-Canada, 2017). 
 Against this grim backdrop, protected areas are widely recognized as the 
cornerstone of strategies to tackle the biodiversity crisis. Protected areas are "a clearly 
defined geographical space, recognised, dedicated and managed, through legal or other 
effective means, to achieve the long-term conservation of nature with associated ecosystem 
services and cultural value” (Dudley, 2008, p. 7). Protected areas are intended to protect 
biodiversity, preserve ecological integrity, provide refuge for species, store carbon to 
mitigate the adverse effects of climate change, provide critical ecosystem services such as 
clean water and air, as well as provide economic, social and cultural benefits. They help to 
mitigate the effects of habitat conversion, fragmentation, and climate change on biodiversity 
by retaining intact ecosystems and facilitating the movement of species responding to 
changing conditions. Although protected areas were initially established for a wide variety of 
reasons from earlier conceptions of conservation to tourism, their purpose has evolved to that 
of a strategic tool for conservation of biodiversity and ecological sustainability, as well as an 
important indicator of world ecosystem health (Lemieux, Beechey, Scott & Gray, 2011).  
 The protected area movement in Canada began with the creation of Banff Hot 
Springs Reserve (now Banff National Park) in 1885. The incremental growth of Canada’s 
protected areas network that followed was characterized by accelerated spurts in response to 
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economic, social, and environmental pressures as well as opportunities for conservation 
action. Rapid expansion in the post-war era generated rapid growth in Canada’s protected 
areas network, which now comprises approximately 11% of the land and freshwater base of 
the nation (Environment and Climate Change Canada, 2019). Despite this growth, a history 
of protected area establishment for reasons other than nature conservation has fostered a 
legacy of residual reserves in Canada and across the globe (Pressey & Bottrill, 2008).  
 Residual reservation results when protection is applied in areas ‘residual’ to 
commercial uses. As a result, these protected areas are typically biased towards economically 
marginal lands characterized by steep slopes, low soil fertility, and low land degradation 
pressure (Brooks et al., 2004; Rodrigues et al., 2004; Joppa & Pfaff, 2009). Worldwide, 
protected areas with higher protection status tend to exhibit more location bias and less land 
degradation pressure than protected areas with lower protection status (Joppa & Pfaff, 2009; 
Hoekstra et al., 2005). Studies of global protection demonstrate that these biases are not an 
artifact from the utilitarian protected area planning practices of the late 19th and early 20th 
centuries. Rather, these biases continue to exist in modern protected areas said to be 
established based on ecological principles (Baldi, Texeira, Martin, Grau, & Jobbágy, 2017; 
Venter et al., 2018). This suggests that even though modern conservation planning has 
evolved into a mature and robust science informed by ecological principles, a utilitarian 
mindset still largely influences conservation initiatives, resulting in the continued 
establishment of residual reserves at the cost of vitally important habitats. 
 Despite the worldwide trend for inefficient protected area planning and residual 
reservation (Joppa & Pfaff, 2009; Baldi et al., 2017; Venter et al., 2016), a recent study has 
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quantitatively demonstrated the value of protected areas as an effective strategy for 
conserving biodiversity (Coetzee, Gaston, & Chown, 2014). Coetzee, Gaston & Chown 
(2014) found that globally, species richness is 10.6% higher and abundance is 14.5% higher 
inside protected areas than in adjacent unprotected areas. The positive effects of protection 
were mostly attributable to differences in land use between protected and unprotected areas. 
Protected areas were most effective where they minimized human-dominated land use. 
Furthermore, although the Living Planet Report (WWF, 2014) highlighted a grim outlook for 
global vertebrate species populations, it also noted that declining trends within terrestrial 
protected areas are occurring less rapidly (-18%) than in unprotected areas. The Living Planet 
Report found that within protected areas, global bird, mammal and fish populations have, on 
average, increased 57%, 10%, and 182%, respectively. In a world that has been so 
transformed by anthropogenic activities that it can now be characterized more readily by a set 
of human biomes than by the classic biogeographic regions (Juffe-Bignoli et al., 2014), 
protected areas help retain intact ecosystems, thereby preserving the origins and maintenance 
of global biodiversity and ecological integrity. 
1.2 Canada’s International Commitments to Conserve Biodiversity and Reduce Global 
Warming  
 The expansion of Canada’s protected areas network has been driven by varying 
economic, social, and environmental pressures as well as opportunities for conservation 
action. Now confronted by the anthropogenic pressures of a rapidly expanding human 
footprint and climate change, Canada’s commitments to protected areas and conservation of 
biodiversity are guided by the Strategic Plan for Biodiversity 2011-2020, the Paris 
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Agreement on Climate Change and Conservation 2020 Pathway to Canada Target 1. These 
commitments set the stage for conservation initiatives to overcome the significant threats of 
climate change and declining rates of biodiversity.  
 In 2010, the Convention on Biological Diversity’s (CBD) 196 signatory countries 
agreed to adopt the Strategic Plan for Biodiversity 2011–2020 and the 20 Aichi Biodiversity 
Targets. The Strategic Plan requires nations to take urgent action to halt the loss of 
biodiversity and ensure that ecosystems are resilient and continue to provide essential 
services. In 2015, the Canadian federal government committed to achieving Aichi Target 11 
in the report 2020 Biodiversity Goals and Targets for Canada. Aichi Target 11 (now Canada 
Target 1) commits signatories to conserve at least 17% of terrestrial and inland waters, and 
10% of coastal and marine areas, by the year 2020. Although global targets for conservation 
of biodiversity based on increasing the amount of protected area have been criticized as being 
politically pragmatic with little scientific foundation (Pressey & Bottrill, 2008), Aichi Target 
11 promotes the efficacy of such endeavors by requiring additional elements be fulfilled. 
Aichi Target 11 requires that protected areas meet goals for being representative of areas 
important for biodiversity and other quality measures, be effectively and equitably managed, 
and be well-connected and functioning systems integrated into the wider landscape. These 
additional criteria ensure that the political pragmatism that resulted in the global residual 
reserve trend (Pressey & Bottrill, 2008) does not persist and that the places and biodiversity 
features most in need of protection receive it.  
 Despite the incremental growth of Canada’s protected areas network since its 
inception, the current percentage of protected land in Canada remains well under the global 
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average of 15.4% (Juffe-Bignoli, 2014) and the internationally agreed-upon interim target of 
17%. As of the end of 2018, more than 7000 terrestrial protected areas covered only 10.9% 
of Canada's terrestrial area. By the end of 2018 British Columbia was leading the way with 
15.3% of its terrestrial area protected (Environment and Climate Change Canada, 2019) with 
positive outlooks for meeting the 17% target by the end of 2020. Although the distribution 
and size of individual protected areas are highly variable across Canada, the existing network 
is currently comprised of relatively disconnected and small (<10 km2) protected areas. Few 
of Canada’s protected areas meet the minimum size thresholds (>3000 km2) deemed 
necessary for ecological persistence (Wright, 2016) and the ones that do meet these 
thresholds tend to be located in northern regions characterized by fewer competing land uses 
(Environment and Climate Change Canada, 2016).  
 Although Canada will unlikely be able to achieve Aichi Target 11 and protect at 
least 17% of its landscapes that are well-connected and functioning systems integrated into 
the wider landscape by the end of 2020, governments will still need to dramatically 
accelerate targeted expansion of our Nation’s protected areas network to retroactively meet 
the 17% target and proactively achieve new ambitious targets recently promised to Canadians 
by the Federal government including “25 percent of our lands and 25 percent of our oceans 
by 2025” and “30 percent of our lands and 30 percent of our oceans by 2030” (Minister of 
Environment and Climate Change Mandate Letter, December 2019). This presents the 
substantial challenge of identifying additional lands suitable for conservation that are 
particularly important for biodiversity and establishing designation. 
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 In December 2015 at the Paris Climate Conference, parties under the United Nations 
Framework Convention on Climate Change approved a new agreement to address climate 
change. In November 2016, the Paris Agreement entered into force and Canada joined the 
ranks of over 60 countries by formally ratifying the Paris climate change agreement. 
Collectively, the countries pledged to work towards zero net anthropogenic GHG emissions 
by the second half of the 21st century to limit global average temperature rise to below 2°C 
this century, as well as to pursue efforts to limit the increase to 1.5°C. The Paris Agreement 
now reinforces Canada’s commitment to Aichi Target 11 as protected areas provide many 
ecological functions and services that help to mitigate the impact of global warming. 
 Protected areas mitigate the impacts of global warming by helping maintain vital 
ecological functions such as hydrological cycles, promoting the resilience and integrity of 
regional ecosystems, purifying air and filtering water, conserving species in natural habitats, 
providing core and corridor habitat areas that assist species’ movements and migrations, as 
well as providing sites for research and environmental monitoring to help guide adaptive 
management efforts. Perhaps the most important role protected areas play in the battle 
against anthropogenically induced climate change and global warming is the sequestration of 
atmospheric carbon which helps curb global warming. Melillo et al. (2016) reported that 
globally, terrestrial protected areas currently function as carbon sinks that sequester 
approximately 0.5 Pg C each year; which is approximately one-fifth of the carbon 
sequestered by all land ecosystems annually. Furthermore, the global protected areas network 
currently stores 238 Pg C, which accounts for approximately 12% of land carbon stocks 
(Melillo et al., 2016). To maintain the current carbon sequestration capacity of protected 
areas over the twenty-first century will require that existing protected areas remain unaltered 
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by development pressures and that the terrestrial protected areas network continues to 
increase over the century (Melillo et al., 2016). Accordingly, the expansion of the protected 
areas network as called for in the Convention on Biological Diversity’s Strategic Plan for 
Biodiversity would assist in both the battle to conserve our planet’s biodiversity as well as 
the fight against anthropogenically driven climate change and associated accelerated global 
warming. 
1.3 The Role of Systematic Conservation Planning (SCP) in the Battle to Conserve 
Biodiversity and the Fight Against Anthropogenically Driven Climate Change 
 The apparent disparity between the intention and practice of protected area planning 
(Joppa & Pfaff, 2009; Knight & Cowling, 2007; Venter et al., 2016), the deepening 
environmental crisis (Johnson et al., 2017), and advancements in the fields of ecology and 
decision support software tools, fueled the development of the systematic conservation 
planning (SCP) framework in the 1980s (Margules & Pressey, 1988). Because increasing 
pressure for competing land uses reduces the amount of land available for the protection of 
biodiversity, the prioritization of areas for the allocation of scarce conservation resources was 
deemed imperative (Margules & Pressey, 2000; Sarkar & Illoldi, 2010). The prioritization of 
conservation areas remains central to SCP, but it now also incorporates a structured multi-
component step-wise approach to identifying conservation areas and devising management 
policy, with opportunities for feedback, revision, and reiteration, at any stage (Sarkar & 
Illoldi, 2010). Today there are many versions of the SCP framework which can guide 
protected area planning and design (Margules & Pressey, 2000; Pressey & McKinnon, 2009; 
Sarkar & Illoldi, 2010). Broadly, SCP has three main goals: (1) adequate representation of 
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biodiversity within a set of prioritized conservation areas; (2) ensuring the persistence of 
biodiversity through the design of effective adaptive management strategies; and (3) cost-
effectiveness (Sarkar, Sánchez-Cordero, & Margules, 2017).  
 SCP is widely considered the most effective approach for designing protected areas 
and other ecological networks. It has continued to evolve since its inception and has 
influenced planning in major governments and organizations such as The Nature 
Conservancy, inspired hundreds of scientific publications, and shaped policy, legislation and 
conservation (Pressey, Cabeza, Watts, Cowling, & Wilson, 2007). The success and 
effectiveness of SCP can be attributed to its efficiency in using limited resources to achieve 
conservation goals, its flexibility and defensibility in the face of competing land uses, and its 
accountability in allowing decisions to be critically reviewed (Margules & Pressey, 2000).  
Despite its efficacy, the inherent complexity of the framework has limited its utility in 
government protected area initiatives. 
 SCP uses detailed biogeographical information and selection algorithms to identify 
priority conservation areas (Knight & Cowling, 2007; Watson, Grantham, Wilson, & 
Possingham, 2011) and strives to move the prioritization of protected areas beyond 
opportunism and toward scientific defensibility and improved efficacy (Pressey, Humphries, 
Margules, Vane-Wright, & Williams, 1993). SCP is founded on the principle that 
conservation decisions should be guided by explicit goals, the identification of priorities in 
regional or broader contexts, and clear choices between potential conservation areas and 
alternative forms of management (Margules & Pressey, 2000). It seeks to identify the most 
important areas for conservation by weighing ecological values, levels of threat and 
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vulnerability, representativeness, and irreplaceability. The framework improves the efficacy 
of protected areas network designs by identifying configurations of complementary areas that 
achieve explicit, and typically quantitative, conservation objectives (Margules & Pressey, 
2000).  Furthermore, SCP supports identification of protected areas networks that represent 
regional species and ecosystems diversity, with enough habitats of specific types to maintain 
viable species populations, enable continued community and population processes, including 
shifts in species’ ranges, and allow natural patterns of disturbance (Baldwin, Scherzinger, 
Lipscomb, Mockrin, & Stein, 2014). Accordingly, the SCP framework can serve as an 
effective tool in the battle to conserve our planet’s biodiversity and the fight against 
anthropogenically driven climate change by guiding the targeted expansion of protected areas 
networks in areas of significant importance to the conservation of biodiversity. Moreover, 
SCP can effectively inform and combat the powerful economic and political drivers that 
promote the establishment of residual reserves by being flexible and defensible, economical, 
and accountable (Margules & Pressey, 2000).  
 Systematic conservation planning continues to rapidly evolve as new information 
and tools become available, and increasingly sophisticated approaches are being developed. 
As the field progressively expands its scope and perspectives, it becomes more effective at 
incorporating previously poorly understood or connected variables. Although the SCP 
framework has been refined and improved over time, no existing versions have attempted to 
explicitly incorporate a climate change lens with the goal of pre-emptively planning for 
future climate conditions and climate change impacts. With the recent widespread 
availability of emission scenarios and reliable climate change data 
(www.adaptwest.databasin.com; Wang, Hamann, Spittlehouse & Carroll, 2016), the SCP 
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framework is well poised to take advantage of climate information and evolve into a climate 
change-conscious approach to conservation planning. Conservation scientists now more than 
ever need to utilize this framework in combination with sophisticated software tools (Sarkar 
et al., 2006) and reliable climate change data to recognize and respond to opportunities for 
action, conserve our planet’s biodiversity and mitigate the effects of anthropogenically driven 
climate change. The extent to which ongoing attrition of valuable wilderness areas 
compromises biodiversity and contributes to global warming can be greatly minimized by the 
prompt and targeted expansion of the global protected areas network under the SCP 
framework.  
1.4 Research Purpose and Associated Questions 
This research project was undertaken to identify practical methods for the effective 
incorporation of climate change metrics in the SCP framework which could be used to help 
guide conservation planners. I was guided by the SCP framework, utilized a variety of spatial 
planning tools, and used publicly available climate change data to identify high priority areas 
for conservation in the Wild Harts Study Area (WHSA) within the Peace River Break (PRB) 
in northeastern British Columbia, and to produce a proposed protected areas network. The 
proposed protected areas network was designed to meet targets for connectivity, size, and 
representativeness, as well as promote climate change resiliency in the region. To achieve 
this, I was guided by a series of research questions.  
(1) What are the probable future conditions within the broader region and how could 
they affect conservation? 
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(2) What areas in the WHSA contain the highest conservation values for select 
current and future biodiversity features? 
(3) How do high-priority sites for landscape-level conservation in the PRB differ 
between a static biodiversity-based approach, and a climate resiliency-based 
approach to conservation area design? 
(4) What characterizes a climate change resilient protected areas network and what 
elements of climate resiliency should be selected for in a climate change-
conscious (CCC) SCP? 
2.0 LITERATURE REVIEW 
2.1 Planning for Future Climate Conditions: Sharpening the Focus of the SCP Framework 
Through the Explicit Incorporation of a Climate Lens 
 Protected areas have been shown to combat the decline of biodiversity and maintain 
ecological integrity and SCP is widely accepted as the most effective approach for designing 
protected areas networks (Pressey et al., 2007). Furthermore, it has been established that 
anthropogenically induced climate change is now one of the most serious threats to 
biodiversity and the conservation thereof (Lemieux et al., 2010). Despite this, few 
conservation planning initiatives have sought to sharpen the focus of the SCP framework to 
explicitly include climate change. Instead, biodiversity has been more typically treated as a 
static feature in conservation planning. Snapshots in time of the distribution and abundance 
of biodiversity have been used to guide planning initiatives under the assumption that once 
protection is established in an area, the encapsulated biodiversity will be preserved in 
perpetuity (Meir, Andelman, & Possingham, 2004). In reality, biodiversity is not static in 
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time or space but is generated and maintained by natural processes. Climate change-induced 
changes in temperatures, precipitation patterns and intensity, wind direction and speed, 
reductions in snow/ice cover and permafrost, sea-level rise, and ocean acidification are 
catalyzing the dynamic nature of global biodiversity (Lemieux & Scott, 2005). Consequently, 
perturbations in phenology (the synchronous timing of ecological events), species 
composition and range shifts, as well as increasing environmental degradation and 
consequential habitat fragmentation or loss are becoming increasingly apparent (Pressey et 
al., 2007; Groves et al., 2012). 
 Meta-analyses on species’ responses to climate change overwhelmingly infer that 
species will be negatively impacted, potentially resulting in mass extinctions (Malcolm, Liu, 
Neilson, Hansen, & Hannah, 2006; IPCC, 2007b; Chen, Hill, Ohlemüller, Roy, & Thomas, 
2011). Protected areas are not invulnerable to shifts in climate regimes and the associated 
uncertainties these shifts pose for the persistence and distribution of species and ecosystems. 
A projection by Lemieux and Scott (2005) suggests that 15-70% of protected areas in Canada 
could experience biome shifts from climate change. The consequential changes in species 
distributions could potentially result in devastating long-term impacts as the ecosystems, 
biodiversity and ecological functions that are currently protected may cease to persist or shift 
into unprotected areas, thereby leaving them susceptible to anthropogenic attrition.  
 While opportunities to improve the SCP framework through the incorporation of 
climate change information are vast, highly desirable, and achievable, the inclusion of such 
complex variables presents many challenges that may deter such endeavors. Climate change-
conscious conservation planning demands rapid changes in spite of tremendous uncertainty 
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(Heller & Zavaleta, 2009). The legitimacy of climate change-adaptation strategies is 
commonly criticized because of their heavy reliance on modeled simulations of future 
greenhouse gas emissions and the subsequent spatial and temporal variation in climate 
change (Tingley, Estes, & Wilcove, 2013). These simulations are often considered too 
uncertain to serve as a reliable foundation for conservation planning (Beier & Brost, 2010). 
Improving the SCP framework through the incorporation of a climate lens complicates the 
SCP process (a process already criticized as unfeasible for many governmental 
organizations) and requires more time, money, and expertise (McDonald, 2009). The 
challenges associated with obtaining reliable climate change data, understanding and 
working with that data, and determining how to incorporate the data into the SCP framework 
and tools can make climate change-conscious SCP seem like an insurmountable task for 
conservation planners. As there is limited widely available and reliable climate data, 
instructions for working with and understanding the data available, or approaches for the 
incorporation of the data into the SCP framework and tools developed, the effective 
utilization of such data is beyond the realm of most conservation planners. Accordingly, the 
development of a new climate change-conscious version of the SCP framework that can be 
used to help guide conservation initiatives is well overdue. 
 Despite the limitations imposed by a high degree of complexity and uncertainty, 
climate change-adaptation strategies should serve as an integral component of the SCP 
framework. The incorporation of climate change adaptation strategies into the SCP 
framework is important for a variety of reasons: (1) climate change is already affecting 
ecosystems and resources (e.g., landscape physiography, and the phenology, distribution, and 
composition of species); (2) climate change is proceeding at an unprecedented rate and 
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further unparalleled climatic changes are expected for the 21st century; (3) proactive 
adaptation is more effective, cost-effective, and efficient in reducing the potential for 
irreversible impacts than ad hoc responses (Thomas et al., 2004; Lemieux et al., 2011; 
Groves et al., 2012; Garcia, Cabeza, Rahbek, & Araújo, 2014; Government of Canada, 2015; 
Keppel et al., 2015; O’Neill et al., 2017). Furthermore, protected areas agencies and 
governments will need to be adaptive in order to deliver on their protected area and 
biodiversity-related commitments, such as Aichi Target 11 (Canada Target 1). 
 When presented with the challenges associated with climate change in conservation 
planning, some conservation scientists have begun endorsing an ecological version of 
battlefield triage, prioritizing species, populations, and places least at risk from climate 
change, with the unfortunate possibility of abandoning those most at risk (Tingley et al., 
2013). In contrast, the integration of climate change adaptation strategies in a proactive 
manner to conservation planning has emerged as a prevalent topic in conservation planning 
(Hannah et al., 2007; Anderson & Ferree, 2010; Beier & Brost, 2010; Verboom et al., 2010; 
Groves et al., 2012; Keppel et al., 2012, 2015; Melillo et al., 2016). For example, Hannah et 
al. (2007) sought to incorporate climate change induced range shifts into protected area 
planning by identifying areas important for species range shifts. They found that protected 
area systems, created to meet targets for current species’ ranges, and supplemented with 
additional protected areas to compensate for climate change, were effective at representing 
most species' future ranges under moderate climate change scenarios. Rose and Burton 
(2009) identified temporal corridors (the intersection of a target’s current mapped 
distribution and its distribution of climate expected to remain within its bioclimatic 
envelope). They noted that whereas traditional landscape corridors enhance connectivity in 
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geographic space, temporal corridors provide continuity in climatic space and over time. 
Accordingly, Rose and Burton (2009) noted that the identification and prioritization of 
temporal corridors can assist conservation planners and managers in coping with the 
challenges of effectively planning under a changing climate. Furthermore, in a 22-year 
review of published research by Heller and Zavaleta (2009), 113 distinct recommendations 
for conservation actions were identified that decision makers could use to address climate 
change. Clearly, there are various methods for conservation planners to factor climate change 
into conservation prioritization.  
2.2 Coarse- and Fine-Filter Approaches to Conservation 
 Classical conservation frameworks have traditionally distinguished between fine- 
and coarse-filter conservation strategies, focusing on conserving either species or landscapes 
(Tingley, Darling, & Wilcove, 2014). A climate change-conscious SCP strategy that focuses 
solely on either fine- or coarse-filter conservation would be limited in its ability to achieve 
conservation goals. When used in isolation, fine-filter strategies may prove successful in 
protecting a few key species, but generally at the expense of others. Even when keystone or 
umbrella species that act as surrogates for larger assemblages are used to inform fine-filter 
strategies, these strategies will likely fail to achieve their conservation goals as different 
species and communities will inevitably respond to climate change in different ways (Tingley 
et al., 2013). Conversely, if only coarse-filter approaches are used to “save the stage” we 
cannot anticipate which, or how many species (actors) will show up. Hence, effective, 
climate change-conscious SCP initiatives should strive to sustain rich, complex, and 
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ecologically unique communities through the incorporation of both fine- and coarse-filter 
approaches (Tingley et al., 2014). 
 In an attempt to adapt conservation planning for climate change, conservation 
scientists have begun using fine-filter strategies to assess species vulnerability to climate 
change and prioritize the most vulnerable species for conservation actions. Concurrently, 
coarse-filter strategies are being used to determine key sites for conservation, as determined 
by natural elements that will remain largely unaffected by climate change, or sites anticipated 
to experience climate change at slower rates and smaller magnitudes, as these areas are 
expected to serve as vital refugia for climate-displaced species (Tingley et al., 2014). These 
diversified, or hybrid, approaches allow conservation scientists to hedge against uncertainty, 
take advantage of new information and methods, and customize planning to the unique needs 
and limitations of planning areas, thereby improving biodiversity conservation outcomes 
(Tingley et al., 2014).  
2.3 Conserving Nature’s Stage: Land Facet Diversity and Biodiversity Conservation 
 Although coarse-filter approaches were first conceived for conserving assemblages 
of species, contemporary climate change-conscious coarse-filter approaches heavily favor the 
conservation of topographic heterogeneity. Hence, coarse-filter approaches to climate 
change-conservation are often described as conserving the stage of nature’s theater 
(Anderson & Ferree, 2010; Beier & Brost, 2010; Tingley et al., 2014). The effectiveness of 
this approach is supported by paleoecological evidence that communities are ephemeral 
aggregations of species, rather than intact units that move through time together, and that 
topographic microrefugia are vital for the persistence of species in periods of rapid change 
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(Petit, Hu, & Dick, 2008). The conservation of such climate change-resilient locations, rather 
than simply current biological assemblages, acknowledges that some species or ecosystems 
will not survive the extreme anticipated future changes or will reorganize (Tingley et al., 
2014).  
 Hunter, Jacobson, and Webb (1988) were the first to suggest a strategy to 
supplement existing ecological representation approaches and address climate change by 
conserving a diversity of landscape units defined by topography and soils. Their method was 
not widely adopted until recently, when scientists began to accept that climate change made 
current species assemblages less stable and therefore less relevant as biodiversity targets 
(Anderson & Ferree, 2010). Given the stochastic nature of climate change and resulting high 
levels of uncertainty associated with projections of future climate changes, the use of 
geophysical variables as planning elements has been promoted. This approach involves 
focusing conservation efforts on the underlying physical environment, instead of the species, 
under the premise that geophysical units can serve as adequate surrogates for the current and 
future distribution of biodiversity (Hunter, Jacobson & Webb, 1988; Anderson & Ferree, 
2010; Beier & Brost, 2010).  
 Recently, a number of conservation initiatives have begun utilizing a combination of 
geophysical variables such as soils, geology, topography, and elevational ranges as 
surrogates for biodiversity (Anderson & Ferree, 2010; Beier & Brost, 2010). Anderson and 
Ferree (2010) provide strong evidence for the effectiveness of the geophysical approach to 
biodiversity conservation. They found that abiotic variables such as geophysical diversity can 
strongly predict large-scale diversity patterns. Beier and Brost (2010) further advocate the 
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use of geophysical diversity through the utilization of recurring landscape units, known as 
land facets, as conservation features. Land facets are defined on the basis of geology, soil, 
and topography and are similar to the geophysical diversity used by Anderson and Ferree 
(2010). Beier and Brost (2010) found that land facets can serve as useful surrogates for 
current and future biodiversity as species’ ranges shift in response to climate change, and that 
they help conserve ecological and evolutionary processes. Hence, by conserving geophysical 
settings, both current and future biodiversity can be conserved.  
 Although biodiversity surrogates such as land facets may not protect all species, 
they support current and future biodiversity, known and unknown (Anderson & Ferree, 2010; 
Beier & Brost, 2010). One advantage of the “conserving the stage” approach is that it does 
not resist change, but rather accepts and anticipates ecological and evolutionary dynamism 
and seeks to maximize future biodiversity (Tingley et al., 2014). The land facet diversity 
approach to biodiversity conservation is easily integrated into the SCP framework and is 
unlikely to reduce the efficiency of the conservation planning process. Thus, land facets can 
serve as important features that should be incorporated into existing systematic conservation 
planning efforts that also include land cover and species as conservation features.  
 Despite the demonstrated benefits of the geophysical approach to climate change-
conscious conservation, some have argued that it puts too much of a focus on topographic 
heterogeneity which may be redundant with past efforts as topographically diverse regions 
are already overrepresented in protected areas networks (Brooks et al., 2004; Rodrigues et 
al., 2004; Pressey & Bottrill, 2008b; Joppa & Pfaff, 2009; Venter et al., 2017). Consequently, 
the application of land facet-based coarse-filter prioritization presents a difficult question: 
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should we invest in climatically resilient topographically diverse sites, despite the fact that 
they are already overrepresented in protected areas networks, or is it more wise to invest in 
landscapes that are largely under protected, even though they may provide fewer climate 
refugia? Such dilemmas often encumber the utilization of course-filter strategies in 
conservation initiatives (Tingley et al., 2014). 
2.4 Climate Velocity, Novel and Disappearing Climates, and Refugia 
 In addition to the protection of geophysically diverse land facets that support 
biodiversity, climate velocity metrics provide yet another coarse-filter approach to climate 
change-conscious conservation. Climate change velocity is a function of the spatial and 
temporal variation in climate across a landscape that emerged as a useful index to evaluate 
the rate of migration required by populations to track changing climate conditions (Loarie et 
al., 2009). As climate shifts in space and time, climate velocity metrics can aid predictions of 
which species are likely to adapt in place to new climate conditions, migrate to areas with 
newly suitable climate conditions, or face the prospect of extirpation or extinction (Garcia et 
al., 2014). Furthermore, climate velocity metrics can aid in determining whether specific 
locations, such as existing protected areas, will serve as refugia or experience species 
emigration and subsequent changes in ecosystem processes (Araújo, Alagador, Cabeza, 
Nogués-Bravo, & Thuiller, 2011). 
 Climate velocity metrics can be univariate (use a single environmental variable such 
as temperature) or multivariate (incorporate multiple environmental variables such as 
temperature and precipitation). Univariate climate velocity is an index of the velocity of 
temperature change in km/year across a region. It is derived from spatial gradients of 
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temperature change in ˚C/km and temporal rates of temperature change in ˚C/year. Dividing 
the latter by the former produces a velocity which can be interpreted as the instantaneous 
local velocity across a landscape needed to maintain a constant temperature (Loarie et al., 
2009). For climatically sensitive species with small thermal tolerances, velocity estimates can 
closely approximate migration rates required to potentially avoid extirpation or extinction 
(Schliep, Gelfand, & Clark, 2015). Univariate climate change velocity can underestimate 
velocities in topographically diverse regions and overestimate velocities in flat regions 
(Hamann et al., 2015). Furthermore, observed migration patterns do not always conform to 
the expectations that species will predominantly move towards higher latitudes and 
elevations in response to warming temperatures (Lenoir & Svenning, 2015). 
 Counterintuitive migration patterns are often a result of multiple climate variables 
driving migration (Tingley, Monahan, Beissinger, & Moritz, 2009; Tingley, Koo, Moritz, 
Rush, & Beissinger, 2012). Accordingly, recent advances in climate velocity metrics expand 
from the univariate temperature analysis and incorporate multiple climatic variables. 
Multivariate climate velocity calculates the minimum distance to an analogous climate, 
divided by the number of years between the baseline climate period and the future projection 
(Burrows et al., 2014). Hence, multivariate approaches to climate velocity determine the 
velocity across a landscape required to maintain constant climate conditions. Multivariate 
climate velocity functions have proven more realistic and reliable than univariate climate 
velocity approaches based on temperature change alone (Burrows et al., 2014). 
 Both univariate and multivariate climate velocity metrics can be implemented in two 
directions: forward or backward. Although these two forms of velocity are based on the same 
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inputs and may appear to differ only in their opposing time directions, the two metrics can 
yield significantly different results and provide contrasting, yet complementary, information 
(Carroll, Lawler, Roberts, & Hamann, 2015). Forward velocity measures the distance from a 
single source to multiple future climate analogs, thereby determining the minimum distance 
an organism in the current landscape must travel to maintain constant climate conditions. 
Conversely, backward velocity considers the distance between disparate source locations and 
a single future destination and determines the minimum distance an organism must travel to 
colonize that habitat/climate. Forward and backward climate velocity metrics can therefore 
be used in conservation planning with a contrasting focus on either species and populations 
(forward velocity) or sites (backward velocity) (Carroll et al., 2015; Hamann et al., 2015). 
 Forward climate velocity describes how fast (e.g. km/year) and in what direction 
climates are shifting across a landscape (i.e., geographic shifts of climate analogs over time). 
Numerous studies have calculated climate velocity across a variety of time scales, spatial 
scales, and emission scenarios. Forward climate change velocity is increasingly being used as 
a tool for forecasting climate change-induced migration as it represents the initial rate at 
which species must travel over the surface of the earth to maintain constant climate 
conditions (Hamann et al., 2015). Low velocity values indicate that future climate analogs 
(i.e., suitable climate/ habitat) can be found nearby, whereas high velocity values indicate the 
converse. Forward velocity is often higher in alpine areas as the nearest future climate analog 
may require migration to distant higher elevation mountaintops (Loarie et al., 2009; Carroll 
et al., 2015).  
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 Forward velocities are particularly useful for evaluating protected areas networks, or 
in the assessment of the conservation status of species and their populations under climate 
change (Hamann et al., 2015). If the forward climate velocity rate exceeds the rate of 
biological response (i.e., the rate of migration or adaptive evolutionary change) the resulting 
impacts to species distributions, community structure and ecosystem function could be 
profound (Ackerly et al., 2010). Hence, climate-sensitive species inhabiting a site with high 
forward velocity are potentially threatened with extinction. 
 Backward climate velocity determines the distance from a projected future climate 
location back to analogous existing climate locations. This metric is often interpreted as a 
relative difficulty of species to colonize a new habitat as it reflects the exposure of organisms 
to climate change (Hamann et al., 2015). Hence, reverse velocity can be useful for 
identifying when human interventions through assisted migration may be necessary. 
Backward velocity is generally low in mountainous areas, as adapted organisms can reach 
climate analogs from nearby downslope locations. Conversely, valley bottoms may lack 
nearby climate analogs, resulting in longer migration distances to colonize these locally new 
habitat/climate conditions (Carroll et al., 2015). In more extreme cases, high or infinite 
backward velocities may indicate that no climate analogs may be found, signifying the 
emergence of a new (i.e., novel) climate (Carroll et al., 2015; Mahony et al., 2017; Mahony, 
MacKenzie, & Aitken, 2018). Areas characterized by high backward velocities likely harbour 
a depauperate assortment of species adapted to future climate conditions, with potentially 
deleterious consequential effects on ecosystem services and function (Carroll et al., 2015). 
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 Climate velocity metrics can be used to identify novel climates (absent now and 
present in the future), disappearing climates (present now and absent in the future), as well as 
locations resistant to climatic changes known as refugia. Global average temperature 
increases are projected to be novel not just relative to the 20th century but also to climates for 
at least the last million years (Overpeck, Whitlock, & Huntley, 2003). Consequently, a large 
portion of the planet’s terrestrial areas may experience novel climates by mid to late 21st 
century (Williams et al., 2007; Dahinden et al., 2017). Burrows et al. (2014) observed that 
16% of the terrestrial planet is already considered novel based on climate change from 1960 
through 2009. A study by Williams et al. (2007) noted that under the low-end B1 and high-
end A2 emission scenarios, 4–20% and 12–39% of the earth’s terrestrial surface may 
respectively experience novel climates by 2100. Dahinden, Fischer, and Knutti (2017) 
reported that with 1.5 °C to 2 °C of global warming, approximately 15% to 21% of the 
planet’s terrestrial areas is projected to experience novel climates, respectively. Similar 
fractions of existing climates, mainly found in the tropics, subtropics and polar north, are 
anticipated to disappear in the future (Dahinden et al., 2017). Different ecological risks are 
associated with the prospect of novel versus disappearing climates (Williams, Jackson, & 
Kutzbach, 2007). The combined effects of climatic reshuffling, the disappearance of 
climates, and the emergence of novel climatic regimes provides a potentially strong driving 
mechanism for disaggregation of existing species associations, assembly into novel 
associations and other unexpected ecological responses or ‘ecological surprises’ (Overpeck, 
Whitlock, & Huntley, 2003; Jackson & Williams, 2004; Williams et al., 2007; Williams & 
Jackson, 2007; Ordonez & Williams, 2013). Accordingly, the identification, quantification, 
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and mapping of shifting, novel, and disappearing climates is an important aspect in the 
measurement and interpretation of climate velocity (Mahony et al., 2017). 
 Novel climates are characterized by climatic conditions with no analog in the 
observational record (Williams et al., 2007). They can be detected using backward climate 
velocity by calculating novelty as the climatic distance (Dmin) between the projected climate 
and its closest historical analog (Williams et al., 2007; Mahony et al., 2017). Areas with the 
lowest elevations tend to be characterized by higher backward velocities as their climate 
analogs are inevitably found in more distant locations, if at all. Hence, these areas are more 
likely to emerge as novel climates (Mahony et al., 2017). This trend is supported by Mahony, 
MacKenzie, and Aitken (2018) who found that within British Columbia, novel climates with 
no historical analog are expected to emerge by the mid-21st century, predominantly in low-
elevation areas in the coastal, southern interior, and northeastern regions of the province. 
Although the emergence of novel climates tends to occur in areas of the lowest elevations, it 
can also occur in high elevations of mountainous regions. A study of western North America 
determined that the coast mountains of the Pacific Northwest will likely experience novel 
climates with very high precipitation and summer temperatures  (Roberts & Hamann, 2012). 
This highlights the importance of mapping novel climates using climate velocity metrics, as 
the emergence of novel climates cannot simply be predicted by topographic location. 
Determining where novel climates are likely to emerge can be a valuable tool for 
anticipating, and planning for, the emergence of novel communities.  
 As climate is a primary driver of species distributions and ecosystem processes, 
novel climates may promote the development of novel species associations, biomes, and 
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other ecological surprises (Williams et al., 2007). Thus, the widespread novel climates 
projected to emerge in response to climate change and global warming, have the potential to 
rapidly realign communities with associated novel ecological interactions. They also are 
likely to contain a depauperate assortment of species adapted to future climate conditions, 
presenting the potential opportunity for establishing non-native species through managed 
relocation (Carroll et al., 2015). Ackerly et al. (2010) found that over 98% of protected areas 
in California and Nevada will likely experience locally-novel climates by 2100. This 
highlights the importance that protected area planners will need to be flexible and adapt to 
new climates, biomes and species. 
 Although novel climates present new opportunities for testing ecological theory, 
they also present unique challenges as they represent unexplored portions of climate space, 
where no observational data exist (Williams et al., 2007). Ecologists are faced with the 
challenge of predicting species range shifts, biome shifts, extinction risks, altered disturbance 
regimes, as well as other ecological responses to climate change. The emergence of future 
novel climates and ecosystems complicates ecological predictions by requiring the 
extrapolation of ecological models beyond the conditions under which current systems can be 
studied. Moreover, the absence of current analogs for future novel climates limits our ability 
to parameterize and validate ecological models (Jackson & Williams, 2004). Consequently, 
ecological predictions in novel climates will likely be more art than science. Despite this, 
they are of paramount importance for SCP in the face of climate change.  
 While novel climates are anticipated to emerge predominantly in low latitude and 
elevation areas, high-elevation and high-latitude areas often are characterized by 
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exceptionally high or infinite climate change velocities that represent disappearing climates 
(Williams et al., 2007). Warming climates at higher elevations are generally characterized by 
lower reverse climate velocities, indicating that they have relatively close downhill analogs. 
Unfortunately, these areas are often also characterized by extremely high or infinite forward 
velocities indicating that no future analogues of climate conditions can be found within the 
study area – the climate has disappeared (Williams et al., 2007). Even if species migration 
rates can keep up with climate velocity rates, some species may go extinct as warming 
temperatures and changes in precipitation patterns move their climate niches upward and 
poleward where they will potentially eventually cease to exist (i.e., climate cul-de-sacs) 
(Dobrowski & Parks, 2016).  
 For a global average temperature increase of 1.5 °C, 2 °C , and 4 °C approximately 
14%, 20%, and 40% of the terrestrial planet, respectively, is projected to experience 
disappearing climates (Dahinden et al., 2017). Existing climates are largely anticipated to 
disappear from the tropics, subtropics and northern polar regions (Williams et al., 2007). An 
analysis by Williams et al. (2007) determined that, in many cases, regionally disappearing 
climates, may actually face extinction at a global scale by the end of the 21st-century. 
Disappearing climates increase the probability of declining populations, species extirpations, 
extinctions, and community disruption for species endemic to particular climatic regimes 
(Jackson & Williams, 2004). What’s more, many areas where climates are anticipated to 
disappear closely overlay regions identified as critical hotspots for biological diversity and 
endemism (Williams & Jackson, 2007).  
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 As disappearing and novel climates often exhibit considerable spatial segregation, 
species at risk of extinction due to disappearing climates are unlikely to take advantage of 
new climatic regimes (Jackson & Williams, 2004). For these species, the establishment of 
connected protected area systems will likely prove insufficient and more aggressive 
management practices, such as relocation, may be necessary. Hence, the identification of 
disappearing climates and the species they support is vitally important for pro-active 
management strategies that attempt to combat species extinctions and losses to biodiversity.    
 Amongst a landscape of shifting, disappearing, and emerging climates, refugia have 
facilitated species persistence over millennia under changing climate conditions (Roberts & 
Hamann, 2012). Accordingly, the identification and protection of refugia has become an 
important aspect of conservation planning in the face of anthropogenic climate change 
(Loarie et al., 2009). Refugia can be identified as habitats where species may retreat to, and 
persist in, during large-scale and long-term climatic change (Keppel et al., 2012). 
  There are many different types of refugia, requiring different methods of 
identification and data inputs (Keppel et al., 2012, 2015). Depending on the scale at which 
refugia are identified, refugia can be described as macrorefugia or microrefugia, in situ or ex 
situ refugia (whether climate refugia are located within or outside of a species’ current 
distribution), as well as refugia based on climate or habitat stability. The overlap of refugia 
for multiple target species, and of varying refugia types, can identify key areas for 
conservation prioritization (Keppel et al., 2012).  
 When identifying refugia, the type of refugia determines the appropriateness of the 
methods employed. For example, accurate and fine-scale climate grids are recommended for 
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the identification of microrefugia (small areas with locally favorable environments within 
otherwise potentially unsuitable climates) whereas coarse-scale macroclimate grids might be 
adequate for identifying macrorefugia (areas where broad-scale climate is suitable for 
persistence) (Carroll et al., 2017). However, as topography creates complex variations of 
exposure to precipitation, wind and radiation, and sheltered locations may be buffered from 
regional climate change, coarse-scale methods may actually prove more successful at 
microrefugia identification than fine-scale models (Trivedi, Berry, Morecroft, & Dawson, 
2008; VanDerWal, Shoo, & Williams, 2009). Both microrefugia and macrorefugia are 
important in conservation planning. Larger macrorefugia can provide a more robust buffer 
against extinction especially for large-bodied animals and species with large home ranges 
(Stewart, Lister, Barnes, & Dalén, 2010). However, microrefugia have the potential to 
withstand greater amounts of warming and can persist even when the regional climate 
conditions become unsuitable and no macrorefugia remain (Ashcroft, 2010). Consequently, 
the identification and conservation of microrefugia may serve as the only effective means of 
conserving rare or threatened species that exist in small fragmented populations (Maschinski, 
Baggs, Quintana-Ascencio, & Menges, 2006). 
 Evidence already exists that species are shifting ranges in accordance with climate 
velocities (Tingley et al., 2009) but their ability to keep pace with the climate velocity can be 
limited (La Sorte & Jetz, 2012; Corlett & Westcott, 2013). As individual species’ resilience 
to climate change can be difficult to predict, the prioritization of regions that are expected to 
be climatically stable over the long-term provides an alternative means of conserving the 
stage of nature’s theater. Climate change refugia can be defined as “areas relatively buffered 
from contemporary climate change over time that enable persistence of valued physical, 
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ecological, and socio-cultural resources” (Morelli et al., 2016, p. 2). Paleoecological 
evidence supports that across the globe, populations persisted through the last glacial 
maximum by migrating to locations where climate changes were less substantial as well as in 
regions where suitable climates shifted toward lower elevations or the equator (Hunter et al., 
1988; Jackson & Williams, 2004). Such evidence has demonstrated that climate refugia can 
provide safe havens during long periods of unfavorable climate, support biodiversity, serve 
as sources for colonization, and promote the development of new species by preserving 
populations long enough to allow for adaptive evolutionary changes (Ackerly et al., 2010; 
Keppel et al., 2012; Stewart et al., 2010). Hence, the identification and protection of climate 
refugia is increasingly suggested as a potential climate change-conscious conservation 
strategy.  
 Climate velocity metrics can aid in determining whether specific locations, such as 
existing protected areas, will serve as refugia or experience species emigration and 
subsequent changes in ecosystem processes (Araújo et al., 2011). Areas characterized by low 
forward climate velocities have the potential to act as refugia because species within those 
areas will only have to travel short distances to track changes in suitable climates (Dobrowski 
et al., 2013; Watson, Iwamura, & Butt, 2013; Carroll et al., 2017). Similarly, areas 
characterized by low backward climate velocities indicate that the area is easily accessible 
for the colonization of new species as their past climate analogs can be found within close 
proximity (Hamann et al., 2015).  
 A recent modification to the climate refugia approach involves identifying areas 
where high topographic diversity creates a wide array of climatically resilient microclimates 
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within close proximity (Heller & Zavaleta, 2009). As existing protected areas may provide 
little to no long-term protection for climate-sensitive species, especially within ecosystems 
characterized by high climate velocities, areas characterized by a diversity of climatically 
resilient microclimates are becoming increasingly important in conservation prioritization 
(Hannah et al., 2014). This serves as a proactive conservation strategy that helps populations 
persist by buying time for either heritable adaptations or behavioral plasticity to changing 
bioclimatic conditions to occur (Tingley et al., 2014). This is especially important for species 
that prefer cooler climates as their distributions are currently restricted to interglacial refugia 
that are subject to increased threat with further rises in global temperatures (Ashcroft, 2010). 
 Meta-reviews assessing the impacts of climate change on species worldwide can 
give the misguided impression that species are efficiently, and consciously, moving in step 
with climate changes (Chen et al., 2011). However, overall trends may be ineffective in 
predicting how species will respond to changing climates in any specific location. Metrics 
such as climate velocity can prove beneficial in conservation prioritization but also contain 
an enormous amount of uncertainty regarding how species will actually respond to changing 
climates in different locations (Tingley et al., 2013). Furthermore, conservation prioritization 
based on climate velocity supports the biased trend of protecting mountainous landscapes at 
the cost of potentially losing less heterogeneous landscapes such as flatlands (Tingley et al., 
2014). Topographically homogeneous ecosystems tend to be underrepresented in the 
worldwide protected areas network (Rodrigues et al., 2004; Joppa & Pfaff, 2009; Pressey & 
Bottrill, 2008; Tingley et al., 2013; Venter et al., 2017). While topographically heterogeneous 
landscapes may contain more biodiversity per unit area than homogeneous landscapes, many 
flatland areas are equally important for endemic species (Tingley et al., 2014). Hence, 
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although the conservation of climate refugia areas characterized by low climate velocities 
may be an effective means of protecting certain resilient habitats and species, it only serves 
as a partial solution to climate change-conscious conservation planning as areas less resilient 
to the impacts of climate change will likely remain or become important areas for 
biodiversity (Tingley et al., 2013, 2014). Therefore, the utilization of forward and backward 
climate velocity metrics to identify climate refugium should serve as a complementary 
approach, rather than the sole approach, to identifying priority areas for conservation. 
 Similarly, in situ and ex situ refugia have important and complementary 
conservation implications. The identification of in situ refugia (refugia within a species’ 
current distribution) is appropriate for species with poor dispersal ability but may 
overestimate the extinction risk for highly mobile species (Ashcroft, 2010). Where species’ 
niches shift in response to climate change, forcing migration into new territories, potential ex 
situ refugia may be largely unreachable, requiring the establishment of corridors for 
colonization to occur. Hence, distinguishing between in situ and ex situ climate change 
refugia is important for SCP as refugia should be justified in terms of species’ dispersal 
capabilities (Ashcroft, 2010). 
 There is a growing understanding that climate refugia are unlikely to persist under 
nearly all scenarios of climate change (Hannah et al., 2014) and that conservation planning 
should not rely on the existence of these refugia. Rather, planners should incorporate a suite 
of modeling methods that includes climate and habitat refugia, micro and macrorefugia, as 
well as the incorporation of species distribution models for determining in situ and ex situ 
refugia. By utilizing climate velocity in addition to a variety of refugia and species 
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distribution models, individual species that may be at risk due to climate change and areas 
that may face substantial shifts in climatic conditions, diversity and species composition, can 
be identified (Loarie et al., 2009). When this information is reviewed together, models may 
determine that existing protected areas may no longer support populations of certain species, 
possibly the very ones that the protected areas were created to protect (Araújo et al., 2011). 
Conversely, refugia where threatened species would likely be concentrated in the future can 
be identified and prioritized for conservation action (Loarie et al., 2008). 
2.5 Connectivity and Conservation 
 Canada is well poised to evolve from a network of relatively small and disconnected 
protected areas to a well-connected protected areas network containing large protected areas 
(>3000 km2) capable of supporting ecological persistence (Wright, 2016). Connectivity 
between protected areas promotes ecological persistence by facilitating dispersal, allowing 
for critical ecological exchanges at the genetic and population levels (Wright, 2016). As the 
majority of protected areas in Canada are small compared to the evidence of what is needed 
as scientific benchmarks, connectivity between protected areas is vitally important. By 
enhancing the structural connectivity (landscape permeability) between protected areas and 
across landscapes, functional connectivity (actual movement of organisms and their genetic 
material) can be significantly improved, thus promoting ecological persistence (Doerr, 
Barrett, & Doerr, 2011). Protected corridors can facilitate species movements and link 
multiple subpopulations that would otherwise be isolated by fragmented landscapes. This 
allows smaller habitat patches or protected areas to collectively support ecological 
persistence by allowing linked subpopulations to collectively function as one larger, more 
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resilient population (Doerr et al., 2011). Where traditional in situ connectivity has proven 
beneficial for ecological persistence, more recently, conservation scientists have shifted from 
strictly focusing on in situ connectivity between individual protected areas, to ex situ 
connectivity in an attempt to connect habitat patches across larger distances in time and space 
– at landscape and even continental scales over decades (Hodgson, Moilanen, Wintle, & 
Thomas, 2011). 
 In the Anthropocene epoch, as global climate changes proceed at unprecedented 
rates and the rapidly expanding human footprint swiftly destroys valuable habitats, isolated 
protected areas (and networks) can no longer be expected to effectively conserve 
biodiversity. As species venture out of their current ranges in an attempt to track suitable 
climates and find shelter in refugia, they will inevitably be presented with geographical 
barriers that hinder their movements and migrations. Consequently, enhancing landscape 
connectivity is the most frequently cited course of action in adapting conservation planning 
for climate change (Heller & Zavaleta, 2009).  
 All of the planet’s existing species have proven their ability to cope with climate 
change through genetic adaptation, migration, and/or environmental tolerances during the 
glacial-interglacial cycles of the Quaternary (Roberts & Hamann, 2016). Contemporary 21st 
century climate change presents new and unique challenges when compared to the 
Quaternary as temperatures are anticipated to be warmer and species migrations will 
inevitably be impeded by anthropogenically fragmented landscapes (VanDerWal et al., 2009; 
La Sorte & Jetz, 2012; Corlett & Westcott, 2013). As a result, migrations may move in 
different directions, at variable speeds, and be hindered by new types of barriers (Roberts & 
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Hamann, 2016). Both paleoecological records and observed species’ migrations in response 
to contemporary climate change indicate that many species will shift their ranges in 
accordance with climate velocities (Tingley et al., 2009; La Sorte & Jetz, 2012; Corlett & 
Westcott, 2013). Therefore, future climate analogs must be within reach. Although the 
conservation of refugia may serve an effective means of protecting certain habitats and 
species, it only serves as a partial solution to climate change adaptation strategies as 
movements and migration to and between refugia, climatically suitable habitats, and 
protected areas will likely need to be facilitated through the establishment of protected 
corridors (Littlefield, McRae, Michalak, Lawler, & Carroll, 2017).  
 The maintenance of connectivity between present and future climate analogs enables 
species to track climate niches and continue to occupy them as the climate warms (Nuñez et 
al., 2013). Habitat loss and fragmentation can significantly hinder species from tracking 
suitable climates (Keith et al., 2008). Because landscape fragmentation is a pervasive 
characteristic of most regions, assessing how, and if, species can move across a landscape is 
a vitally important component of climate change-conscious conservation planning. Even in 
relatively intact landscapes, species may need to travel large distances to track suitable 
climate conditions (Mantyka-Pringle et al., 2015). Accordingly, the maintenance or 
enhancement of connectivity between climate analogs, refugia, and protected areas supports 
the shifting of species’ distributions, thereby facilitating the natural adaptation of species and 
communities in response to climate change. Climate velocity metrics can provide important 
information necessary for effective corridor/connectivity planning as they can indicate which 
direction climates (and their resident species) are likely to move (Ackerly et al., 2010).  
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 Traditional connectivity models identify areas that facilitate species’ movements at 
one point in time between current habitats and within their current distributions. As a result, 
these connectivity models disregard the inevitability that climate-sensitive species 
movements will largely be driven by the tracking of suitable climates as their ranges shift in 
accordance with climate change (Tingley et al., 2009; La Sorte & Jetz, 2012; Nuñez et al., 
2013). Despite the development and availability of climate velocity metrics and future 
climate projections based on varying emission scenarios, many connectivity models specific 
to climate change do not actually incorporate this information.  
 Some connectivity analyses that consider landscape connectivity and protected-area 
prioritization simply rely on the knowledge that higher elevations and latitudes tend to 
remain relatively cooler than lower elevations and latitudes and consequently, they attempt to 
facilitate uphill and poleward species movements (Chen et al., 2011). A more popular 
approach seeks to connect important land facets as they have been shown to act as effective 
surrogates for current and future biodiversity (Anderson & Ferree, 2010). Therefore, the 
protection and connection of land facets can serve as a geophysical-based approach to 
conserve and connect topographically diverse areas capable of supporting current and future 
biodiversity despite a changing climate (Anderson & Ferree, 2010; Beier & Brost, 2010). In 
an attempt to acknowledge and account for the influence of climate on species’ movement 
patterns other studies have sought to incorporate climate change by modeling connectivity 
with the incorporation of present-day temperature gradients as barriers (Nuñez et al., 2013; 
Burrows et al., 2014). These studies add an important climate element to traditional 
connectivity modeling, but they fail to consider ex situ climate change-induced range shifts. 
Certainly, a variety of approaches have been developed, and continue to be developed, that 
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attempt to assess the potential for species to track suitable climate conditions as their ranges 
shift in accordance with climate change. Surprisingly, most of them fail to incorporate the 
very thing they are planning for: future climate conditions. As a result, they leave a gap in the 
understanding of how enhanced connectivity can facilitate species’ range shifts in response to 
climate change.  
 Dobrowski and Parks (2016) sought to bridge the gap in our understanding of 
connectivity in the face of climate change by blending the climate-gradient approach to 
corridor modeling (Nuñez et al., 2013) with climate velocity (Loarie et al., 2009). Similar to 
Nuñez et al. (2013), Dobrowski and Parks (2016) noted that climate change impacts on biota 
partially depend on climate change exposure, i.e., the degree of exposure to climate 
variations over time or space (Garcia et al., 2014). Therefore, the interpretation of climate 
velocity as the direction and rate at which organisms must move across a landscape to 
maintain a given climate, requires the assumption that climate trajectory length is 
proportional to climate change exposure; longer paths suggest greater exposure (Loarie et al., 
2009; Dobrowski et al., 2013; Burrows et al., 2014; Hamann et al., 2015). Whereas climate 
velocity has been implemented as a useful index to evaluate the rate of migration required by 
populations to track changing climate (Loarie et al., 2009), it is actually a function of spatial 
and temporal variation in climate across a landscape. Just as distance is an imperfect measure 
of connectivity, it is also an insufficient measure of climate exposure (Dobrowski & Parks, 
2016). Hence, Dobrowski and Parks (2016) highlighted that climatic connectivity, "the 
ability of a landscape to promote or hinder species movement in response to a changing 
climate” (Dobrowski & Parks, 2016, p. 2), is partially affected by the costs of moving 
through dissimilar climates.  
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 To incorporate climate dissimilarity into climate velocity, Dobrowski and Parks 
(2016) quantified the minimum cumulative exposure (MCE) in ˚C along each climate 
trajectory. Rather than calculating the Euclidean distance (ED) from a current climate to its 
future analog (as the climate velocity approach does), they created a new distance-based 
velocity metric (minimum exposure distance; MED) based on the assumption that species’ 
movements and migrations will follow paths that minimize their exposure to dissimilar 
climates. The incorporation of climate exposure into this new metric results in a more 
realistic trajectory and distance that a species would have to travel across a landscape in 
order to track a changing climate (Dobrowski & Parks, 2016). Through analyzing MED vs. 
climate velocity (ED), they found that climate velocities frequently underestimate climate 
exposure in mountainous regions where short climate trajectories that traverse 
topographically diverse landscapes with dissimilar climates result in high MCE values. 
Consequently, MED trajectories also provide a better representation of the potential climate-
driven range shift routes for climate-sensitive species. Because these species are likely to 
avoid dissimilar climates as they track suitable climates, their actual migration routes can be 
grossly underestimated by traditional climate velocity metrics, resulting in overly optimistic 
interpretations of how quickly organisms need to traverse the landscape in order to track 
suitable climates (Dobrowski & Parks, 2016). 
 Dobrowski and Parks' (2016) MCE and MED metrics provide a more effective tool 
for inferring the speed that a species would have to travel to track suitable climate conditions 
as global temperatures rise. Additionally, they provide useful information on the likely 
migration routes that species will take as they attempt to avoid dissimilar climates and track 
suitable climate conditions. Dobrowski and Parks' (2016) advancements to future climate 
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connectivity modeling are tremendously beneficial, but the utilization of a univariate velocity 
metric and exclusion of important variables such as landscape permeability (i.e., potential 
species’ movement) and species dispersal capabilities left room for improvements. 
 Littlefield et al. (2017) noted that, to date, few researchers have incorporated future 
climate projections or climate analog accessibility into efforts to prioritize areas for 
enhancing connectivity. What’s more, virtually no connectivity modeling approaches have 
attempted to simultaneously consider future climate projections, landscape permeability, and 
dispersal capabilities (Littlefield et al., 2017). Accordingly, Littlefield et al. (2017) sought to 
create an inclusive connectivity model that incorporated all of these overlooked aspects of 
connectivity. They utilized multivariate climate velocity to identify climate analogs between 
historical and future climatic conditions and then used Circuitscape (a computational tool 
developed for modeling landscape connectivity using circuit theory) with a novel moving-
window algorithm (McRae et al. 2016) to quantify the landscape permeability between 
historical climates and their future analogs. Additionally, they modelled connectivity in a 
manner that reflected species-based climate-niche breadths, empirically derived dispersal 
capacities, and landscape resistance due to human modification. In doing so, they found that 
incorporating future climate projections into connectivity models substantially constrained 
and shifted priority areas for movement. They concluded that neglecting to incorporate this 
information will likely result in an optimistic view of landscape connectivity that undervalues 
vital connections. 
 Where Littlefield et al. (2017) made significant advances to future climate 
connectivity modeling through the incorporation of multivariate future climate projections, 
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species’ dispersal capabilities, and anthropogenic barriers, they noted improvements could 
still be made to their methods. Littlefield et al. (2017) did not use Dobrowski and Parks' 
(2016) MCE or MED metrics and as a result, trajectories between climate analogs did not 
consider the climatic connectivity of the landscape. Consequently, trajectories likely 
traversed unsuitable climatic conditions or physiographic barriers such as mountain ranges 
that would likely constrain movement. Furthermore, Littlefield et al. (2017) noted that while 
future climate projections were utilized, the use of a static map of human modification of the 
landscape limited the reality of the model as the human footprint will continue to grow over 
time and land-use patterns will continue to change, thereby creating additional barriers. 
 The identification of important movement corridors and the prioritization of areas 
for enhancing climate change connectivity remains a significant and unresolved challenge. 
Recent advances in technologies and methodologies are rapidly improving the efficacy of 
climate change-conscious connectivity models but improvements are still necessary. Holistic 
climate change-conscious corridor planning should seek to incorporate all relevant variables 
including climate velocities, climate change exposure, landscape permeability, dispersal 
capabilities, as well as future land-use patterns. 
 The identification of important corridor areas, or lack thereof, can provide important 
information in the determination of when species persistence may depend on human 
intervention. Where biotic velocities cannot keep pace with climate velocities or 
anthropogenic, topographic, or climatic barriers interrupt range shifts, managed relocation or 
ex situ measures such as captive breeding and gene banking of the species may be necessary 
to preserve species and genetic diversity (Minteer & Collins, 2010). Proactive and effective 
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connectivity planning, and the protection of important movement corridors, can largely 
reduce the need for such drastic and costly measures. Therefore, a concerted effort is 
necessary to identify and protect these areas before their capacity to support species’ 
movements is stripped by anthropogenic alterations. 
2.6 Conclusion 
 Although anthropogenically induced climate change is now one of the most serious 
threats to biodiversity, surprisingly few conservation planning initiatives have endeavored to 
explicitly include a climate change lens in an attempt to mitigate the effects of climate 
change on biodiversity. Even the SCP framework, arguably the most effective approach for 
designing protected areas networks (Pressey et al., 2007), has yet to be updated to 
incorporate a climate lens. The SCP framework has been continuously refined and improved 
over time, but no existing versions have attempted to explicitly incorporate a climate change 
lens with the goal of pre-emptively planning for future climate conditions and climate change 
impacts. Attempts to incorporate climate change data into conservation planning have been 
hindered by the significant challenges associated with obtaining reliable climate change data, 
understanding and working with that data, and determining how to incorporate the data into 
the SCP framework and tools. Consequently, the inclusion of climate data in the SCP 
framework may seem like an insurmountable task for most conservation planners.  
 The development of a climate change-conscious SCP framework that incorporates 
reliable climate change data and sophisticated software tools (Sarkar et al., 2006) in order to 
respond to opportunities for action, conserve our planet’s biodiversity and mitigate the 
effects of climate change is well within reach. Previous research has identified a variety of 
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ways to overcome the substantial challenges of incorporating complex climate variables into 
conservation planning and has laid the groundwork for an updated climate change-conscious 
SCP framework (Loarie et al., 2009; Anderson & Ferree, 2010; Ashcroft, 2010; Beier & 
Brost, 2010; Groves et al., 2012; Nuñez et al., 2013; Tingley et al., 2014; Dobrowski & 
Parks, 2016; Hannah et al., 2014; Littlefield et al., 2017; Mahony et al., 2017). The 
development of a practical climate change-conscious SCP framework could greatly aid in the 
prompt and targeted expansion of the global protected areas network, help mitigate the 
effects of climate change on biodiversity, and limit the extent to which ongoing attrition of 
valuable wilderness areas compromises biodiversity and contributes to global warming. 
3.0 CASE STUDY 
3.1 Overview of the Peace River Break: An Opportunity for Climate Change-Conscious 
Systematic Conservation Planning 
Within northeastern British Columbia’s Rocky Mountain Cordillera, where the Boreal 
Plains meet the Northern Boreal Mountains and the Rocky Mountain Hart Range intersects 
with the Peace River, lies an area referred to as the Peace River Break (PRB) (Fig. 1) – a 
geographical designation coined by the Yellowstone to Yukon Conservation Initiative (Apps, 
2013). Within the PRB, the Peace River valley breaks through the Rocky Mountains, 
channelling warm Pacific air into an area otherwise characterized by cold Arctic air. This 
creates a continental climate that supports an impressive array of six physiographically 
distinct ecoregions that sustain an abundance of vegetation and wildlife (Apps, 2013).  
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      Figure 1. Peace River Break (PRB) and Wild Harts Study Area (WHSA) boundaries and permanent 
anthropogenic disturbances (hard human footprint) in northeastern British Columbia, Canada.  
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The PRB has long been a desirable location for settlement as the valley provides a 
route to cross the Rocky Mountains and creates a uniquely temperate climate (Apps, 2013). 
This area is the ancestral and traditional home of the Treaty 8 First Nations: the Doig River 
First Nation, Fort Nelson First Nation, Halfway River First Nation, Prophet River First 
Nation, Saulteau First Nations, West Moberly First Nations as well as Blueberry River First 
Nations, Kelly Lake Cree, and Metis peoples. The lands and waters have, and continue to 
support, continuous use and occupancy in the area by the Nations: communities that depend 
on the health of the environment and its abundant resources. 
By the turn of the 20th century the fertile soils of the Peace River valley attracted 
agricultural interests to the region and by the 1950s, two major transportation corridors 
(Alaska Highway and John Hart Highway) had been built. The improved access to what was 
previously a remote and isolated area led to the development of a natural resource industry in 
the PRB, which promoted the establishment of several communities to support the growing 
sector (Apps, 2013).  
 Contrary to most other Rocky Mountain regions, the PRB is characterized by a substantial 
human development footprint and little protected area representation (Fig. 1). This, in 
addition to natural constraints, results in a critical “pinch-point” in the continuity of 
ecologically intact and functioning landscapes along the north-south extent of the Canadian 
Rocky Mountains.  
Despite the high conservation value of the region, less than 5% of the PRB is 
currently protected (Fig. 2) (Curtis, 2018), leaving this vitally important landscape vulnerable 
to the threat of rapidly impending industrial attrition. The PRB has become one of British 
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Columbia’s most prominent regions for resource-related industry and extraction (Apps, 
2013) and is experiencing industrial-caused disturbances at rates that are greater than those 
found in Alberta’s oil sands region (Yellowstone to Yukon, 2018). With several large-scale 
development projects on the table (i.e., Northwest Transmission Line and Pacific Northwest 
LNG) and the recent approval of the Site C hydro dam, the area could see considerable 
growth in human population and resource-related infrastructure in the near future. The main 
types of industrial development in the PRB include: oil and gas development, coal and 
coalbed methane development, metallic mineral mining, wind farm projects, forestry (i.e., 
logging, sawmill, pulp and paper), and bio-energy-related projects (i.e., co-generation and 
pellet plants) (Nitschke, 2008). Other significant activities include agriculture, construction, 
and hydro development. Industrial expansion in the PRB has already created an 
ecogeographical bottleneck in the region, and further expansions further threaten the vital 
corridors that connect functional landscapes along the north-south extent of the Canadian 
Rocky Mountains. 
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Figure 2. Existing Protected Areas within the Wild Harts Study Area (WHSA) (Curtis, 2018) 
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3.2 Landscape Connectivity, Fragmentation and Protection in the PRB 
 The Yellowstone to Yukon (Y2Y) region within the Rocky Mountain cordillera of 
North America contains 1.3 million square kilometers and represents one of the largest 
remaining intact mountain ecosystems on earth. It is 3,200 kilometers long and its width 
varies between 500 to 800 kilometers (Lee & Hanneman, 2012). The Y2Y region spans five 
American states (Washington, Oregon, Idaho, Montana and Wyoming), two Canadian 
provinces (British Columbia and Alberta) and two Canadian territories (Yukon and 
Northwest Territories), thereby creating a continuous network of life-sustaining wildlife 
habitats linked by functional movement corridors that allow wildlife to roam (Lee & 
Hanneman, 2012). 
 One key linkage in the Y2Y region is the PRB region in northeastern British 
Columbia. The PRB is the narrowest point within the Y2Y region and serves as a critical area 
for the movements and ecological connections east-west over the Rocky Mountains and 
north-south between the mountain national parks to the southeast and the Muskwa-Kechika 
Management Area to the northwest (Fig. 1). As population and resource-related 
infrastructure expand across the landscape, this once remote northern region is experiencing 
rapidly escalating and widespread changes. Consequently, the tenuous continuity of the PRB 
is increasingly threatened by the cumulative impacts of such expansions (Apps, 2013). 
 The eastern portion of the PRB has been especially subjected to industrialization and 
is dominated by an expanding mosaic of petroleum and natural gas well-sites and facilities, 
mineral developments, clear-cuts, agricultural fields, seismic lines, roads, transmission lines 
and pipelines (Lee & Hanneman, 2012) which cumulatively fragment the landscape (Fig. 1). 
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With the recent approval of the Site C hydro dam, which will flood more than 62 miles (100 
km2) of wildlife-rich valley bottom (Yellowstone to Yukon, 2018), a plethora of tenure 
concessions to industry, and several large-scale development projects and proposals, future 
developments threaten to compromise the PRB’s ability to facilitate critical movements and 
ecological connections. The resulting landscape fragmentation has the potential to effectively 
cut the Y2Y region in two, thereby severing population connectivity for several wide-ranging 
terrestrial species (Apps, 2013). 
In the face of increasing resource development and associated anthropogenic 
expansions, a narrow, yet relatively intact, wildlife corridor still exists along the spine of the 
Rockies in the Muskwa and Hart mountain ranges. This corridor serves as a key linkage that 
enables wildlife to move between the refuges of the mountain national parks and the 
Muskwa-Kechika Management Area. These areas, which comprise what can be referred to as 
the Wild Harts Study Area (WHSA) (Yellowstone to Yukon, 2018) serve as a refugia for 
species living within an otherwise hostile landscape matrix (Fig. 1). Without proactive 
conservation planning, a regional fracture of these ecologically connected landscapes has 
potential significance at a continental scale (Apps, 2013). Furthermore, the topographic 
diversity of the WHSA could potentially promote climate change resiliency and provide a 
myriad of climate niches that promote a diversity of species assemblages. Although many of 
these intact areas are not currently protected under any conservation tenure, their public 
ownership, high conservation value, and significant threat of conversion give these natural 
areas within the PRB high priority for protective management (Apps, 2013). Consequently, 
the WHSA provides a unique opportunity to utilize the systematic conservation planning 
framework in the battle to conserve biodiversity and the fight against anthropogenically 
51
induced climate change. What’s more, the establishment of a protected areas network along 
the Muskwa and Hart Mountain Ranges in the PRB would assist Canada in achieving its 
2020, 2025 and 2030 protection targets. 
3.3 Historical and Projected Climates in the PRB 
 In addition to the already pressing conservation demand in the area, the PRB is 
projected to experience significant climate change impacts. Climate change models can serve 
as valuable tools and help planners cope with the challenges of planning for different climate 
conditions. Furthermore, climate change models can help scientists and planners better 
understand local climate change hazards such as severe droughts, floods, heat waves, and 
losses to agricultural productivity. 
 Within the Peace River region, the distribution of projected precipitation and 
temperature varies across the landscape. Precipitation is largely influenced by topography 
whereas temperature is influenced by elevation. Cooler temperatures and wetter conditions 
are found in the higher elevation mountainous areas to the west in the Peace River Region, 
while temperatures are higher in the eastern plateau (BC Agriculture and Food Climate 
Action Initiative, 2018).  
 Climate projections for the Peace River region in the 2020s (2010-2039), 2050s 
(2040-2069) and 2080s (2070-2099) are summarized below. Projections are derived from the 
Pacific Climate Impacts Consortium’s (PCIC’s) online tool, “Plan2Adapt.” Projected 
changes are calculated from the baseline historical period (1961-1990) for average (mean) 
temperature and precipitation, as well as for several other climate variables. The projected 
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changes represent the ensemble median, which is a mid-point value chosen from a PCIC’s 
standard set of Global Climate Model (GCM) projections. 
 Annual mean temperatures, frost-free days and growing degree-days are all 
projected to increase in the Peace River region (Figs. 3 & 4). Annual mean temperatures are 
projected to increase by 1°C in the 2020s, 1.8°C in the 2050s, and 2.8°C in the 2080s (Fig 3). 
Frost-free days are projected to increase annually by 9, 16, and 26 days in the 2020s, 2050s 
and 2080s respectively (Fig. 4). The 2020s, 2050s and 2080s are projected to experience 129, 
225, and 364 more growing degree-days annually (Fig. 4). 
 Annual precipitation and snowfall rates also are projected to increase in the 2020s, 
2050s, and 2080s (Fig 4.). Annual mean precipitation is projected to increase 5% by the 
2020s, 8% by the 2050s and 10% by the 2080s. Summer precipitation is projected to increase 
by 2% by the 2020s, 3% by the 2050s and drop back down to a 1% increase by the 2080s. 
Winter precipitation is projected to increase by 7% by the 2020s, 11% by the 2050s, and 16% 
by the 2080s. Winter snowfall is projected to increase by 5% by the 2020s, 7% by the 2050s 
and 8% by the 2080s, whereas spring snowfall is projected to decrease by 30% by the 2020s, 
55% by the 2050s and 70% by the 2050s. 
 Although climate models project decreases in spring snowfall, the median annual 
precipitation trend indicates a slight increase (Fig. 4). The amount of summer precipitation is 
projected to largely remain the same, indicating that a slight increase or decrease is probable; 
a slight increase in the amount of precipitation falling as snow over the winter is projected. 
Conversely, a significant decrease in the amount of snowfall is projected in the spring 
seasons.  
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 The magnitude, frequency and intensity of extreme events in the Peace River region 
are projected to increase for both rainfall and temperature due to climate change. Extreme 
cold temperatures are projected to occur less frequently, whereas extreme high temperatures 
are projected to occur more frequently. The intensity and magnitude of extreme rainfall 
events is anticipated to continue to increase and longer dry periods are projected in the 
summers (British Columbia Agriculture and Food Climate Action Initiative, 2018). 
Figure 3. Mean Annual Temperature Change (˚C) for the Peace River Region in northeastern British Columbia 
with projections for the 2020s, 2050s, and 2080s time periods. Projections were modeled according to a Pacific 
Climate Impact Consortium (PCIC) standard set of global circulation model (GCM) projections using the 
PCIC’s online tool, “Plan2Adapt.”. The black line indicates the mid-point (median) in the set; the blue line 
indicates the model used for display purposes (CGCM3 A2 run 4); the dark grey shading shows the middle 50% 
(25th to 75th percentiles), representing half of the projections in the set; and the light grey shading shows the 









Figure 4. Mean Annual Climate Changes in the Peace River Region in northeastern British Columbia with 
projections for the 2020s, 2050s, and 2080s time periods. Projections were modeled according to a Pacific 
Climate Impact Consortium (PCIC) standard set of global circulation model (GCM) projections using the 
PCIC’s online tool, “Plan2Adapt.”. The black line indicates the mid-point (median) in the set; the blue line 
indicates the model used for display purposes (CGCM3 A2 run 4); the dark grey shading shows the middle 50% 
(25th to 75th percentiles), representing half of the projections in the set; and the light grey shading shows the 
range according to 80% of the climate change projections used (10th to 90th percentiles). 
Mean Annual Precipitation Change (˚%)
Annual Growing Degree-Days Change (days) 
Mean Annual Snowfall Change (˚%)
Number of Frost Free Days Change (days) 
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4.0 METHODS 
To address each of my research questions (Section 1.4), I sharpened the focus of 
Margules and Pressey’s (2000) systematic conservation planning (SCP) framework through 
the explicit incorporation of a climate lens. I was guided by previous analysis completed by 
Curtis (2018), and refined and embellished the data used in the SCP analysis to overcome 
identified limitations. In addition to these improvements, I built climate change resiliency 
into the analysis and resulting proposed protected areas network, thus promoting both current 
and future biodiversity. The eight steps involved in my SCP methods (Table 1) included: (1) 
select, compile, and develop conservation feature data; (2) perform a thorough analysis on 
anthropogenic disturbance in the study area; (3) use Gnarly Landscape Utilities and Linkage 
Mapper to quantify landscape permeability and identify important corridors for connectivity; 
(4) identify conservation goals and targets; (5) review the existing protected areas to 
determine the extent to which the existing protected areas network achieves the identified 
targets for conservation in the WHSA; (6) select additional conservation areas using software 
MARXAN-ILP to prioritize areas for conservation; (7) compare the resulting proposed 
protected areas network with other protected areas network solutions; (8) perform a 
comparative analysis to analyze complementarity (extent to which biodiversity conservation 
targets contribute to climate change resiliency conservation targets and vice versa) within the 




Table 1. Eight steps of Systematic Conservation Planning used to prioritize lands for conservation in the Wild 
Harts Study Area (WHSA). 
1. Select, Compile and Develop Conservation Feature Data 
a) Review literature, previous analysis by Curtis (2019), and existing data to identify which 
previously used datasets could be improved, and source additional multi-spatial surrogates 
for current biodiversity. 
b) Review literature and existing data to identify multi-spatial surrogates for future biodiversity 
in the WHSA, projected future species distribution data, climate change refugia and climate 
connectivity data. 
c) Select data with sufficient rigor and consistency for inclusion in the analysis. 
d) Develop spatial layers in ArcGIS that represent the extent of the selected conservation 
features in the WHSA.  
2. Perform a Thorough Analysis on Anthropogenic Disturbance in the Study Area 
e) Review literature and existing data sources to identify features that represent anthropogenic 
disturbance within the WHSA. 
f) Compile a human footprint model to quantify and spatially model the current state of 
anthropogenic disturbance in the WHSA. 
g)  Perform land use/cover conversion analyses to identify the rate of land conversion within the 
WHSA. 
h)  Perform resource development potential models to spatially identify which areas are most 
susceptible to future development. 
3. Use Gnarly Landscape Utilities and Linkage Mapper to Quantify Landscape Permeability and 
Identify Important Corridors for Connectivity 
i) Review literature and existing data to identify features that affect landscape permeability. 
j) Acquire and develop spatial layers in ArcGIS that represent landscape resistance in the 
WHSA. 
k) Create a landscape resistance spatial layer using Gnarly Landscape Utilities. 
l) Perform a landscape connectivity analysis between protected areas in the WHSA using the 
previously created landscape resistance layer and Linkage Mapper.  
4. Identify Conservation Goals and Targets 
m) Review literature and previous analysis results to set goals for conservation in the WHSA that 
promote climate change resiliency, facilitate climate change induced migrations, facilitate 
landscape connectivity, and promote current and future biodiversity. 
n) Translate these goals into quantifiable targets.  
5. Review Existing Protected Areas 
o) Determine the extent to which the existing protected areas network achieves the identified 
targets for conservation in the WHSA.  
6. Use MARXAN with ILP to Generate a Portfolio of Additional Protected Areas  
p) Use MARXAN – ILP to identify gaps in the current protected areas network in the WHSA to  
spatially delineate additional areas for conservation. 
q) Spatially prioritize lands for conservation in the WHSA that achieve optimal targets while 
minimizing user-defined costs. 
r) Create a portfolio of lands prioritized for conservation for application in land-use planning 
decisions.  
7. Perform a Comparative Analysis Between the Climate Change-Conscious SCP Proposed 
Protected Areas Network and a Proposed Protected Areas Network Created Using Traditional Static 
SCP Methods 
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s) Compare the resulting proposed protected areas network with another protected areas network 
that was created using the traditional SCP framework that did not include climate change 
projections.  
8. Analyze Conservation Feature Complementarity and Representativeness Zones 
t) Analyze the extent to which biodiversity conservation targets contribute to climate change 
resiliency conservation targets and vice versa within the study area.   
 
4.1 Step 1: Select, Compile and Develop Conservation Feature Data 
To determine which conservation features to use in this analysis, I conducted a 
thorough literature review. I reviewed the data that were previously used in Curtis (2018) as 
well as other existing data sources to identify which previously used datasets could be 
improved, and what additional datasets could enhance the analysis. I identified previously 
compiled binary datasets (Curtis, 2018) that could be improved through conversion into a 
scaled format and performed geospatial analyses to convert these binary data into continuous, 
scaled datasets in ArcMap. I analyzed government and non-government databases and drew 
upon expert opinion to identify and obtain geospatial datasets that were reliable and 
consistent across the WHSA. By doing this I was able to identify additional current 
biodiversity surrogates and surrogates for future biodiversity. I also identified and created 
connectivity datasets that would enhance the analyses. Numerous current and future 
biodiversity feature datasets were obtained, processed, created, and combined using 
geospatial analysis in ArcGIS for inclusion in the WHSA SCP. These conservation feature 
datasets are described in the following sections. 
The literature review, data availability and expert opinion led to the inclusion of three 
conservation feature classes in the MARXAN-ILP conservation prioritization analysis: (1) 
coarse-filter biodiversity surrogates; (2) fine-filter biodiversity surrogates and; (3) climate 
change conservation features. It also led to the inclusion of representational conservation 
58
zones and connectivity conservation features. The following conservation features, unless 
stated otherwise, were developed in a continuous format, thus allowing for the preferred 
selection of those areas with the highest conservation values, both individually and 
cumulatively. All of the datasets were converted into 1km2 raster datasets representing the 
planning units available to MARXAN for selection. 
This study utilized a multi-scale prioritization strategy for current and future 
biodiversity refugia identification / conservation prioritization by seeking to incorporate the 
known extant of current biodiversity as well as future biodiversity by capturing high-
diversity microrefugia within areas of low climatic velocity, across landscape types.  
Table 2. Conservation features used in the Wild Harts Study Area (WHSA) MARXAN-ILP analysis. 
 
Land Facet Diversity Grizzly Habitat Capability Backward Velocity Refugia
Land Facet Rarity Grizzly Habitat Suitability Biotic Refugia
Elevation Diversity W
o
Burnt Pine Caribou Herd Novel Climates
Heat Load Index Diversity Finlay Caribou Herd
Ecotypic Diversity Gataga Caribou Herd
Climatic Diversity Graham Caribou Herd
NDT1-ESSF-Burned Hart Ranges Caribou Herd
NDT1-ESSF-Mature/Old Kennedy Caribou Herd
NDT1-ICH-Burned Moberly Caribou Herd
NDT1-ICH-Mature/Old Muskwa Caribou Herd
NDT2-ESSF-Burned Narraway Caribou Herd
NDT2-ESSF-Mature/Old Pink Mountain Caribou Herd
NDT2-SBS-Burned Quintette Caribou Herd








































































4.1.1 Coarse-filter Conservation Features 
Whereas coarse-filter approaches were first conceived for conserving assemblages of 
species, contemporary climate change-conscious coarse-filter approaches heavily favor the 
conservation of topographic heterogeneity. The conservation of such climate change resilient 
locations, rather than simply current biological assemblages, acknowledges that that 
communities are ephemeral aggregations of species, rather than intact units that move 
through time together, and that topographic microrefugia are vital for the persistence of 
species in periods of rapid change (Tingley et al., 2014). By protecting a wide variety of 
ecosystems and ecological processes, the current and future requirements of a multitude of 
species will be inherent within the resulting protected areas network (Schneider et al., 2011). 
This is especially important in areas lacking ecological information and/or data or when 
identifying land for conservation prioritization at a landscape scale. 
4.1.1.1 Land Facets  
As abiotic variables such as slope, aspect, elevation, and landform are relatively 
stable and largely determine ecological patterns and processes, they represent features that 
are unlikely to experience abrupt reorganization in response to shifting climate regimes 
(Beier & Brost, 2010). Furthermore, the land facet diversity approach to biodiversity 
conservation is easily integrated into the SCP framework and is unlikely to reduce the 
efficiency of the conservation planning process. Accordingly, this analysis used land facets 
as useful surrogates for current and future biodiversity.  
Similar to Curtis (2018) I used datasets developed by Michalak et al. (2015) and 
Carroll et al. (2017) to create land facet diversity (LFD) and land facet rarity (LFR) layers for 
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inclusion in my MARXAN-ILP conservation prioritization analysis. Land facets were 
defined in these raster datasets as cells containing unique combinations of elevation, 
modified heat load index (HLI), soil order, and landform. Landform encompassed coarse 
topographic features such as headwaters, valleys, canyons, hilltops, and ridges. Soil order 
encompassed patterns in surficial deposits at a 1 km2 scale. Heat load index represented an 
estimate of the potential annual solar radiation exposure at a location relative to its aspect, 
slope and latitude. Michalak et al. (2015) and Carroll et al. (2017) defined individual land 
facets by sorting the four abiotic variables into discrete classes for application in the 
following equation:  
Land Facet ID = (Landform + HLI + Elevation) *100 + Soil Order 
4.1.1.1.1 Land Facet Diversity 
Land facet diversity was measured using the Gini-Simpson index, and represents the 
probability that two cells from the neighborhood of interest represent different classes of land 
facet types based on soil order, elevation, landform, and heat load index. High land facet 
diversity areas occurred where neighbouring land facet cells had dissimilar combinations of 
abiotic variables. Formulas used to generate these diversity metrics can be found in the R 
script of the land facet diversity dataset (Carroll et al., 2017). Unlike Curtis (2018), I kept the 
land facet diversity data in a continuous format (as opposed to binary) to ensure that areas 
with higher land facet diversity values received preferential selection over those with lower 
diversity values. In ArcGIS, I evenly divided the dataset into two classes based on their 
values. The top 50% representing those cells with the highest land facet diversity were 
extracted, maintaining their unique values, for the incorporation into the MARXAN-ILP 
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analysis. Extracting the top 50% of values and preserving the unique land facet diversity 
values of each cell, allowed for the MARXAN-ILP analysis to select for the most diverse 
combinations of abiotic variables (those cells with the highest values) within the WHSA. 
4.1.1.1.2 Land Facet Rarity 
I used data created by Michalak et al. (2015) to create a layer representing land facet 
rarity. I calculated land facet rarity by determining the total area of each land facet type 
(value) in the WHSA. The data within the WHSA were extracted and ranked from low (most 
area) to high (least area). Within ArcGIS, 206 land facet types were identified. I ranked these 
206 land facet types according to their area (110 unique area classes) and extracted the top 
50% of those classes (55-110) representing those cells with the highest land facet rarity for 
the incorporation into the MARXAN-ILP analysis. Unlike Curtis (2018), I kept the land facet 
rarity data in a continuous format and extracted the top 50% of values while preserving the 
unique land facet rarity values of each cell, which allowed for the MARXAN-ILP analysis to 
select for the most rare land facets (those cells with the highest values representing cells 
containing spatially unique and rare combinations of elevation, landform, and HLI) within 
the WHSA. 
4.1.1.2 Environmental Diversity  
Environmental diversity metrics offer a simple, and generalizable approach to 
identifying potential micro-refugia (Carroll et al., 2017). Topographic diversity can be used 
to identify areas where a heterogeneous physical environment increases the probability that 
species will be able to find suitable habitat within close proximity as climate changes. The 
incorporation of environmental diversity in conservation planning can help prioritize 
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conservation of areas that maximize landscape-level adaptive capacity, or areas which can 
disproportionately facilitate persistence of biodiversity and ecosystem function under climate 
change. When combined with macro-refugia such as land facets, one can better evaluate the 
range of ecological and physical processes that influence the persistence of species and 
identify a network of areas resilient to threats at multiple scales. 
I used datasets developed by Carroll et al. (2017) to create environmental diversity 
layers for inclusion in this MARXAN-ILP conservation prioritization analysis. These 
environmental diversity data (Carroll et al., 2017) are examples of neighborhood or “moving 
window” metrics based on summary statistics derived from the set of cells within the spatial 
neighborhood of each focal cell. High diversity areas occurred where neighbouring cells had 
dissimilar values. Further information on the calculations used to develop these datasets can 
be found in the R scripts created by Carroll et al. (2017).  
I kept all the diversity data in their standard continuous formats (low diversity to high 
diversity) to ensure that areas with higher diversity values received preferential selection over 
those with lower values. In ArcGIS, I evenly divided each of the dataset into two classes 
based on their values. The top 50% representing those cells with the highest diversity were 
extracted, maintaining their unique values, for the incorporation into the MARXAN-ILP 
analysis. Extracting the top 50% of values and preserving the unique diversity values of each 
cell, allowed for the MARXAN-ILP analysis to select for those areas with the greatest 
diversity (those cells with the highest values) within the WHSA. 
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4.1.1.2.1 Elevational Diversity 
Elevational diversity represents the degree of variation, within a spatial neighborhood 
around each cell in an elevation raster (Carroll et al., 2017). High elevational diversity areas 
occurred where neighbouring cells had the most dissimilar elevation values. 
4.1.1.2.2 Heat Load Index Diversity 
 Heat load index (HLI) represents an estimate of the potential annual solar radiation 
exposure at a location relative to its aspect, slope and latitude (Carroll et al., 2017). 
Essentially, HLI can be interpreted as how “cool”, “warm” or “hot” portions of a landscape 
are relative to each other. HLI Diversity represents the degree of variation, within a spatial 
neighborhood around each cell in a HLI raster. High HLI diversity areas occurred where 
neighbouring cells had the most dissimilar HLI values. 
4.1.1.2.3 Ecotypic Diversity 
Ecological land units (ELU) developed by Sayre et al. (2014) incorporate physical 
features, climate and land cover data and are comprised of data on growing degree days, 
lithology, an aridity index, landform, and land cover type. Ecotypic diversity was calculated 
using the Gini-Simpson diversity index and the ELUs (Carroll et al., 2017). High ecotypic 
diversity areas occurred where neighbouring cells had the greatest variety of ELUs.  
4.1.1.2.4 Climate Diversity 
Current climatic diversity represents the degree of variation, within a spatial 
neighborhood around each cell in a raster dataset. Climate was represented as a multivariate 
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distance based on 11 bioclimatic variables (Carroll et al., 2017). The 11 biologically relevant 
climate variables included:  1) mean annual temperature (°C); 2) mean temperature of the 
warmest month (°C); 3) mean temperature of the coldest month (°C); 4) difference between 
mean temperature of the coldest month (°C) and mean temperature of the warmest month 
(°C) as a measure of continentality (°C); 5) mean annual precipitation (mm); 6) mean 
summer (May to Sep) precipitation (mm); 7) mean winter (Oct to Apr) precipitation (mm); 8) 
degree-days above 5°C (growing degree days); 9) the number of frost-free days; 10) 
Hargreave's reference evaporation; and 11) Hargreave's climatic moisture index. 
4.1.1.3 Forest Patterns and Processes 
A forest pattern and processes data layer constructed by Curtis (2018), which 
incorporated data on vegetation types, forest age, wildfire occurrence, and climatological 
patterns, was incorporated into the MARXAN-ILP analysis. This data represented the “full 
array of ecosystems that occur within a given planning region, as well as the biophysical 
processes which create the conditions necessary for the persistence of those ecosystems” 
(Curtis, 2018). The NDT/BEC/seral categories used were obtained from the Biodiversity 
Guidebook (Province of British Columbia, 1995). Details on the development of this data 
layer can be found in Curtis (2018). The three natural disturbance types (NDT) included in 
this analysis were NDT type 1 (ecosystems with rare stand-initiating events), NDT type 2 
(ecosystems with infrequent stand-initiating events) and NDT type 3 (ecosystems with 
frequent stand-initiating events). The NDT types were further broken down by assigning the 
local biogeoclimatic zones including Engleman Spruce Subalpine Fir (ESSF), Interior Cedar 
Hemlock (ICH), Sub-boreal Spruce (SBS), Spruce-Willow-Birch (SWB), and Boreal White 
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and Black Spruce (BWBS). Lastly, the forest patterns and processes classes were separated 
into burned and mature/old seral stages (forest stand ages). 
This data layer incorporated vegetation types to ensure adequate representation of 
dominant tree species, old forests as these areas are synonymous with high-value habitat 
features (e.g., stratified canopy, wildlife trees, shrubs, coarse-woody debris etc.), recently 
burned areas (≤40 years) as they represent suitable habitat for species that are dependent 
upon burned, standing forests, and natural disturbance regimes because of their ability to 
reorganize biological communities and initiate ecological succession.  
4.1.2 Fine-filter Conservation Features 
As a climate change-conscious SCP strategy that focuses solely on either fine- or 
coarse-filter conservation would be limited in its ability to achieve conservation goals, this 
analysis used a hybrid approach. Fine-filter conservation features were also incorporated in 
this analysis as they can help ensure that species of special interest or concern such as those 
most vulnerable to climate change, those with cultural significance, and those which are 
endemic, threatened or act as keystone and/or umbrella species can be prioritized for 
conservation actions. Similarly, unique or rare habitats can also be considered fine-filter 
conservation features. I selected six fine-filter conservation features to for inclusion in this 
study. These included grizzly bear habitat capability and suitability, fisher habitat, woodland 
caribou habitat, bull trout habitat, and a special features layer.  
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4.1.2.1 Grizzly Bear 
Grizzly bears were selected to serve as a fine-filter conservation feature. Grizzly 
bears are blue-listed as a ‘species of special concern’ in British Columbia. Population 
declines are largely the result of low fecundity rates and direct/indirect mortality caused by 
habitat fragmentation (Apps, 2013). Grizzly bears are a wide-ranging omnivore that utilizes a 
variety of habitat types (Apps, 2013). They inhabit mountainous terrain within the WHSA, 
have home ranges of approximately 300 km2 and are capable of travelling ±10 km/day 
(Ciarniello, 2006). Grizzly bears are often referred to as umbrella species because their 
habitat requirements meet the needs of many other species (Noss and Cooperrider, 1994; 
Noss et al., 1996; Apps, 2013) which makes them an excellent addition to this SCP.  
I mapped and selected for grizzly bear habitat suitability and capability to capture 
large, intact landscapes that encompass a multitude of ecosystems. Habitat suitability refers 
to a habitat’s ability in its current condition to provide the life requisites of a species whereas 
habitat capability refers to a habitat’s ability, under optimal natural (seral) conditions for a 
species, to provide its life requisites, regardless of the current condition of the habitat. To do 
this, I utilized and expanded upon the methods described by Curits (2018). Grizzly bear 
habitat was identified as per the methods described in Curtis (2018) with the exception of 
converting the data into a binary dataset. Instead, I preserved the individual, continuous, cell 
values to allow for the preferential selection of areas with the greatest grizzly bear capability 
and suitability (those cells with the highest values) in the MARXAN-ILP analysis within the 
WHSA. 
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Similar to Curtis (2018), I used methodology described in the Draft Cumulative 
Effects Framework Grizzly Bear Value Summary (Province of British Columbia, 2015b) as a 
baseline in the construction of a grizzly bear layer for use in MARXAN-ILP. Multiple 
datasets including biogeoclimatic ecosystem classification (BEC) zones and stand 
age/composition were combined and processed in ArcGIS. Mid-seral, conifer-dominated 
forests with >30% closed canopy were removed from the layer as they are not ideal for 
grizzly bear forage production. The remaining suitable area was further refined to only 
include those areas with >10 km2 of roadless habitat to accommodate the daily range of an 
adult female grizzly bear (Province of British Columbia, 2015b). All Wildlife Habitat Areas 
set aside for grizzly bears in the WHSA were added to the suitability layer. The resulting 
suitable area model was intersected with the Broad Ecosystem Inventory, a landscape 
classification that provides regional information regarding the distribution of ecosystems 
throughout the province and their value to wildlife, to obtain those grizzly bear habitat 
capability and suitability values that overlapped with those areas deemed suitable for grizzly 
bears. 
4.1.2.2 Woodland Caribou 
Woodland caribou were utilized as a fine-filter conservation feature because of their 
significant cultural value, bleak outlook, vulnerability and susceptibility to anthropogenic 
disturbances, and habitat requirements. Woodland caribou are an iconic species with 
significant cultural importance to northern communities. The WHSA contains partial ranges 
of the Southern, Central, and Northern Mountain caribou populations. These three 
Designatable Units are identified by the Committee on the Status of Endangered Wildlife in 
Canada (COSEWIC) and recognized under the federal Species-at-Risk Act (SARA). The 
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Central and Southern Mountain populations are red-listed (i.e., threatened or endangered) 
whereas the Northern Mountain population is currently blue-listed as a ‘species of special 
concern’ in the province. 
Woodland caribou require large areas comprised of continuous tracts of undisturbed 
alpine and subalpine parkland habitats and old, mid-elevation stands containing arboreal 
lichens (Johnson, Seip & Boyce, 2004). Anthropogenic disturbances such as forestry, oil and 
gas exploration and development, industrialization and road networks are rapidly resulting in 
caribou habitat loss, degradation, and fragmentation within the WHSA. This results in an 
increase in habitat openings and young forests, which attract ungulates species such as moose 
and deer. Consequentially, predator populations may increase, resulting in higher predation 
rates. Accordingly, the preservation of large range areas would allow caribou population 
densities to remain low throughout the range and thereby lessen encounters with predators.  
In addition to the protection of caribou via habitat preservation, the alpine and 
subalpine parkland habitats used by woodland caribou are two habitat types not well 
represented by the other conservation features used in this study. Incorporating a caribou 
habitat data layer as a conservation feature allowed for the selection of high-elevation 
habitats, as well as provided additional representation of old-forest in addition to the forest 
pattern and process features.  
Similar to Curtis (2018) I amalgamated multiple caribou habitat datasets to create one 
finalized layer that represents year-round high-quality caribou habitat across the WHSA.  I 
used a core habitat dataset developed by Jones (2008) to represent mountain caribou herds 
occurring in areas of the WHSA that fell within the South Peace region (i.e., Central and 
69
Southern Mountain populations), datasets developed by Gustine and Parker (2008) to 
delineate suitable habitat for herds occurring in the northern portions of the WHSA (i.e., 
Northern Mountain population), and a dataset developed by Johnson et al. (2004) to represent 
habitat the Southern Mountain Population that were not captured by the Jones (2008). 
Jones (2008) identified suitable summer/winter caribou habitat using resource 
selection functions (RSFs) and ranked habitat quality based on a scale of probability of 
selection from 1 (very low) to 5 (very high). ‘Very high’ probability areas were classified as 
core habitat. Point locations obtained from GPS-collared caribou were utilized to identify the 
recent distribution of caribou. While the inclusion of point locations was successful in further 
refining the core habitat polygons, it also could have potentially resulted in the exclusion of 
high-value habitats that were not currently being occupied. To ensure that high-value caribou 
habitats that were not occupied during the time of data collection were included in this study, 
I merged core habitat polygons (class 5) with class 4 polygons assigned as a ‘high’ 
probability of selection. By merging class 4 and 5 data layers, the caribou habitat selection 
area for the South Peace herds was increased and allowed for the representation of habitats 
identified as recently being occupied by caribou, as well as areas that were not occupied but 
contain high-value habitat. 
Gustine and Parker (2008) used a similar approach in the South Peace to identify 
suitable habitat for caribou herds in the northern portions of the WHSA (i.e., Northern 
Mountain population). Gustine and Parker (2008) also completed RSFs, across all seasons, 
and assigned a quality rank by classifying probability of selection into deciles (1 = low; 10 = 
high). Whereas Jones (2008) refined core habitat polygons using telemetry data (2008), 
Gustine and Parker (2008) tested the predictive capacity of the RSF modelling with their 
70
telemetry points. By doing this, they were able to determine that the model was effective in 
predicting the habitat selection of collared animals across seasons but that some of the error 
present in RSFs could be reduced by increasing the bin size to quintiles (Gustine & Parker, 
2008). Accordingly, I rescaled Gustine and Parker’s (2008) RSF dataset into quintile bins (1 
= very low to 5 = very high) and extracted those habitats given a ranking of 4 or 5.  
An RSF model produced by Johnson et al. (2004) was used to represent caribou 
habitat for the Southern Mountain Population that were not captured by Jones (2008) (e.g., 
Hart Range herd). Whereas Gustine and Parker (2008) and Jones (2008) identified habitats in 
multiple seasons, the RSF produced by Johnson et al. (2004) only represented winter 
habitats. The RSF determined probability of occurrence based on survey data of caribou 
distribution observations relative to vegetation and topography. Johnson et al. (2004) scaled 
probability of occurrence into four classes (1 = rare to 4 = high). To be consistent with the 
other two caribou data sources, I rescaled the RSF data into quintile bins and extracted those 
habitats with a ranking of 4 or 5. 
While the caribou datasets created by Jones (2008), Gustine and Parker (2008), 
Johnson et al. (2004) were all relatively consistent in methodology and in combination 
depicted high-quality caribou habitat across the majority of the WHSA, some areas within 
the WHSA where caribou were known to occur remained void of data. Additionally, some 
data overlapped with different habitat values. In areas with overlapping habitat values, the 
higher value was used. In areas devoid of data, Ungulate Winter Ranges (UWR) and Wildlife 
Habitat Areas (WHA) designated for caribou were combined, given a value of 5 (very high) 
and used to fill these data gaps. Where UWR or WHA data overlapped with the 
aforementioned RSF data, the area was given a value of 5 (very high). UWR and WHA 
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management were determined to be compatible with the RSF modelling data and are 
representative of high-elevation summer ranges. Hence, in addition to filling data gaps, UWR 
and WHA data represent summer habitats utilized by the Hart Range herd that were not 
captured by Johnson et al. (2004).  
The five data layers described above were combined into a single dataset and the 
resultant caribou layer was separated into individual herds based on a provincial layer 
describing legal herd boundaries. Whereas Curtis (2018) created a final binary model, I 
preserved the individual, continuous, cell values to allow for the preferential selection of 
areas with the highest caribou selection probability (those cells with the highest values) in the 
MARXAN-ILP analysis within the WHSA. 
4.1.2.3 Fisher 
Fishers are mid-trophic, carnivorous furbearers found only in North America with 
most of their range located in Canada. These forest-dependent species require very specific 
habitats for several life requisites at a variety of spatial scales. The need for a conservation 
strategy for fishers in British Columbia has become increasingly apparent in recent years 
because of anthropogenic disturbances resulting in changes in the composition and 
distribution of adequate fisher habitat. The effectiveness of past management strategies 
remains largely unknown and relatively little is known about fisher ecology in British 
Columbia. Consequentially, fishers have been classified as blue-listed (of special concern) in 
the province. 
Although fishers are widespread over close to half of the province, the number of 
individuals is relatively low, and they are vulnerable to trapping and habitat loss through 
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logging, hydroelectric development or other land use changes. The recent mountain pine 
beetle outbreak in British Columbia has exacerbated the loss and degradation of fisher 
habitat. Within British Columbia, fishers occur in four different habitat zones: boreal, sub-
boreal (moist subzones), sub-boreal (dry subzones), and dry forest zones. The WHSA 
contains boreal habitat to the north and east and sub-boreal moist habitat in the south and 
west. Within these habitat zones fishers inhabit upland and lowland forests, including 
coniferous, mixed, and deciduous forests, but occur primarily in dense coniferous or mixed 
forests, including early successional forest with dense overhead cover (Thomas et al. 1993).  
I obtained fisher habitat data (April 2017 release) from the British Columbia Fisher 
Habitat Working Group (www.bcfisherhabitat.ca). This Fisher Habitat Spatial Data were 
generated to provide quantitative guidance to help forest planners incorporate habitat needs 
of fishers into their forest planning decisions. These spatial data were developed to help 
planners make informed decisions of where and what forest to harvest (or avoid), while 
providing options to help maintain the habitats that fishers need within harvested stands and 
across landscapes. I used the “Stand Condition” data which Identifies Type I and II stands. 
Type I are those stands shown to be used 75% of the time by radio-tagged fishers for a 
specified habitat need whereas Type II stands have been shown to be used by fishers 25% of 
the time for a habitat need. I compared the Stand Condition data for: 1) denning habitats 
which provide secure den sites for birthing and rearing young from April – June;  2) broom 
resting habitats which provide secure resting sites on rust brooms in spruce trees; 3) cavity 
resting habitats which provide secure resting sites in tree cavities (sub-boreal moist subzones 
only); and 4) coarse woody debris (CWD) resting habitats which provide thermal cover 
under large logs or in coarse woody debris piles.  
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To create one consistent layer for inclusion in my analysis, I merged the fisher stand-
condition data for the boreal and sub-boreal moist habitat zones distributed across the 
WHSA. I then compared the values of the denning, broom, cavity and CWD habitat types 
and applied the best rating (top stand condition) to each polygon. This resulted in a dataset 
displaying top stand condition for fishers classified as Type I or Type II. I then inverted these 
to allow for the preferential selection of areas shown to be used most by fishers (those cells 
with the highest values) in the MARXAN-ILP analysis within the WHSA. The addition of 
fisher habitat in this SCP promoted the selection of the mid-elevation forested ecosystems 
required by fisher that were not well-represented by the other conservation features used in 
this study.  
4.1.2.4 Bull Trout 
Bull trout was selected as a fine-filter conservation feature because their habitats 
represent a broad diversity of aquatic values across the WHSA. Bull trout are associated with 
cold, high-elevation streams characterized by clean gravel beds and undisturbed riparian 
vegetation. By identifying and incorporating high-quality bull trout habitat and known bull 
trout distributions across the WHSA, large, healthy watersheds that contained relatively little 
fragmentation could be targeted for conservation prioritization. Within British Columbia, 
suitable bull trout habitat has been reduced by anthropogenic disturbances including large-
scale hydroelectric projects and forestry-related riparian degradation. As a result, bull trout 
have been blue-listed as a ‘species of special concern’. The development of the recently 
approved Site C Dam will likely further the decline of bull trout populations within the 
WHSA.  
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I used the bull trout dataset created by Curtis (2018), developed using 1:50,000 
watersheds as selectable units. Watersheds were required to satisfy one of the following 
criteria to be included in this layer: overlap with a Fisheries Sensitive Watershed – Bull Trout 
(legal or proposed), overlap with Wildlife Habitat Area – Bull Trout (legal or proposed), 
identified by experts as critical rearing habitat (Williamson 2017, pers. comm), or identified 
in Appendix 4 of Hagen and Decker (2011) as being a tributary large enough to support local 
populations (Curtis (2018). Curtis (2018) also obtained supplemental information from 
Provincial bull trout specialists to determine which watersheds should be included and/or 
excluded from the resultant layer. 
4.1.2.4 Special Features 
Special features are described as fine-filter ecosystem components that are of high 
biodiversity value, sensitive and/or spatially-limited (Heinemeyer et al, 2004). I chose to use 
a special features dataset developed by Curtis (2018) which represents wetlands, karst 
deposits, and mineral licks across the WHSA as single binary layer. 
Curtis (2018) incorporated wetlands for their aquatic value in the WHSA as their full 
distribution may not be adequately represented by the bull trout data because wetlands are 
not necessarily associated with high-elevation watersheds. Wetlands perform valued 
ecosystem functions such as water filtration and provide important habitat for species such as 
migratory waterfowl, beavers, and moose. Mineral licks were incorporated as they are an 
important source of nutrients for ungulates and serve as hunting grounds for carnivores. Karst 
formations were also included as special features as they provide habitat for flora and fauna 
that utilize caves for some or all of their life cycle (Curtis, 2018).  
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4.1.3 Climate Change Conservation Features 
In addition to the protection of coarse and fine-filter conservation features, climate 
velocity metrics provide yet another approach to climate change-conscious conservation. 
Climate change velocity is a function of the spatial and temporal variation in climate across a 
landscape and can serve as a useful index to evaluate the rate of migration required by 
populations to track changing climate conditions (Loarie et al., 2009). As climate shifts in 
space and time, climate velocity metrics can aid predictions of which species are likely to 
adapt in place to new climate conditions, migrate to areas with newly suitable climate 
conditions, or face the prospect of extirpation or extinction (Garcia et al., 2014).  
In order for the climate change geospatial data to be consistent, I chose to use the 
1961 -1990 climate normal period for historical climate conditions as well as future climate 
projections for 2041–2070 and 2071–2100 (hereafter, the 2050s and the 2080s, respectively) 
downloaded from the AdaptWest Climate Adaptation Conservation Planning Database for 
North America (https://adaptwest.databasin.org/). These are derived from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) multimodal data set and are based on the business-
as-usual representative concentration pathway (RCP) 8.5 scenario (IPCC 2013). Historical 
climate data sets and future climate projections for western North America are based on the 
Parameter Regression of Independent Slopes Model (PRISM) interpolation method for 
current climate, and the Coupled Model Intercomparison Project phase 5 (CMIP5) database 
corresponding to the 5th IPCC Assessment Report for future projections. These data, 
projection timeframes, and RCP scenario were chosen because of their widespread 
acceptance, recognised reliability (Wang et al. 2016) and public availability.  
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 The AdaptWest (https://adaptwest.databasin.org/) land facet and climate adaptation 
planning database was determined to contain the climate change data with the most rigor and 
consistency. The climate change datasets obtained from the AdaptWest database used the 
AdaptWest velocity surfaces for a multivariate principal component analysis (PCA) 
implementation which searches for climate matches based on the first 2 axes derived from a 
PCA of 11 biologically relevant climate variables (described in 4.1.1.2.4 – Climate 
Diversity). Climate change geospatial data derived from the climate velocity data and 
incorporated into this analysis include backward velocity climate refugia and biotic refugia. 
Novel and disappearing climate data were not available in the AdaptWest database and were 
therefore obtained from Dr. Colin Mahony (Mahony et al., 2018).  
4.1.3.1 Backward Velocity Refugia 
 Climatic refugia are habitats that components of biodiversity retreat to, persist in, 
and potentially expand from under changing climatic conditions (Keppel et al., 2012). 
Backward climate velocity can be interpreted as a relative difficulty for species to colonize a 
new habitat as it reflects the exposure of organisms to climate change (Hamann et al., 2015). 
Hence, backward velocity refugia can be defined as sites characterized by lower backward 
velocities that are anticipated to experience climate change at slower rates and smaller 
magnitudes. These locations were included in this analysis as they are expected to serve as 
vital refugia for climate-displaced species. 
 I chose to use the Refugia Index dataset, which was derived from backward velocity 
by Carroll et al. (2017) representing the negative logarithm of climate velocity where higher 
values indicate areas with higher refugia potential. In ArcGIS, I evenly divided the dataset 
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into two classes based on their values. The top 50% representing those cells with the highest 
refugium potential were extracted, maintaining their unique values, for the incorporation into 
the MARXAN-ILP analysis. Extracting the top 50% of values and preserving the unique 
refugium potential values of each cell, allowed for the MARXAN-ILP analysis to select for 
those areas with the greatest probability of serving as climatic refugium within the WHSA. 
4.1.3.2 Novel Climates 
As climate is a primary driver of species distributions and ecosystem processes, novel 
climates may promote the development of novel species associations, biomes, and other 
ecological surprises (Williams et al., 2007). Thus, the novel climates predicted to arise within 
the WHSA have the potential to rapidly realign communities with associated novel 
ecological interactions. As areas projected to have novel climate regimes in the future will be 
characterized by climatic conditions with no analog in the observational record, they present 
new opportunities for testing ecological theory, but also will present unique challenges as 
they represent unexplored portions of climate space (Williams et al., 2007). The inclusion of 
novel climates in this analysis allows for the identification of where novel climates are likely 
to emerge, which can help indicate, and plan for, the emergence of novel communities as 
well as present novel opportunities for testing ecological theory. As areas predicted to 
convert to novel climate regimes in the future are also are likely to contain a depauperate 
assortment of species adapted to future climate conditions, these sites may present 
opportunities for establishing non-native species through managed relocation. For these 
reasons novel climates were incorporated in this SCP as a conservation feature. Their 
inclusion provides an opportunity to monitor and research novel ecological interactions as 
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well as the effects of climate change devoid of widespread anthropogenic disturbances that 
might otherwise compromise results.  
I chose to use novel climate data for North America data created by Mahony et al. 
(2018). Mahony et al. (2018) performed an assessment of the projected scale and pattern of 
novel climate emergence in British Columbia by the middle of the 21st century (2041-2070) 
and the extent to which these novel climates are described by climate analogs elsewhere in 
North America. They analyzed two emissions scenarios: RCP4.5 (emissions peak around 
2040 and then decline) and RCP8.5 (emissions continue to rise throughout the 21st century) 
and the CMIP5 GCM. To do this, they used multivariate backward velocity (Dmin approach) 
for novel climate detection in parallel with Random Forest classification. Analog pools for 
British Columbia and North America were compared and the data were scaled to the median 
climatic differentiation between BEC subzones. 
 I chose to use the RCP 8.5 data provided by Mahony et al. (2018) and only compare 
North America climate analogs to stay consistent with my other data layers. In ArcGIS I 
removed the cells with a Dmin < 1.5 to ensure these areas that are most improbable of 
experiencing novel climate regimes did not get selected for in the MARXAN-ILP analysis. I 
chose to preserve the Dmin values to allow for the preferential selection of areas with the 
greatest distance to a climate analog and which are therefore most likely to experience novel 
climates in the future. 
4.1.3.3 Disappearing Climates / Biotic Refugia 
Disappearing climates were incorporated in this SCP as they increase the probability 
of declining populations, species extirpations, extinctions, and community disruption for 
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species endemic to particular climatic regimes (Jackson & Williams, 2004). Furthermore, 
many areas where climates are anticipated to disappear closely overlay regions identified as 
critical hotspots for biological diversity and endemism.  
I chose to use biotic refugia data created by Michalak et al. (2018) to capture 
biologically informed disappearing climate areas. Michalak et al. (2018) identified the extent 
and distribution of locations classified as having disappearing climatic conditions for at least 
one representative species type for the (a) 2050s and (b) 2080s based on the RCP 8.5 
(business as usual) emissions scenario and three climate models from the Coupled Model 
Intercomparison Project (CMIP) 5 family: INM-CM4, MIROC5, and GFDL-CM3. These 
three models were selected to represent the range of variation in future projected climatic 
conditions across the eight individual climate models provided by AdaptWest. Using these 
scenarios, Michalak et al. (2018) identified biotic refugia locations where the distance 
between multivariate climate analogs was less than a specified biologically informed 
threshold. These thresholds were based on a measure of species climatic niche breadth for 
200 birds (Birdlife International 2014), 450 mammals (Patterson et al. 2007), 498 amphibians 
(IUCN 2014), and 24 tree species in North America (Roberts & Hamann 2012). Put more 
simply, Michalak et al. (2018) identified biotic refugia in areas with increasingly rare 
climatic conditions, required by, and within reach of, a species in the future.  
To create one biotic refugia later for my MARXAN-ILP analysis that identified both 
shorter and longer term refugia under varying climate conditions, I combined all the 
Michalak et al. (2018) data into one biotic refugia dataset. In ArcGIS I gave each of the six 
biotic refugia datasets (refugia for GFDL CM3, MIROC5, INM CM4 for both the 2050s and 
2080s) a value of 1 (refugia) or 0 (not refugia), combined the six biotic refugia datasets, and 
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summed the datasets to obtain a continuous data layer scaled from 0 (no biotic refugia for 
any GCM or either timeframes) to six (biotic refugia for every GCM and both timeframes). 
In doing this, I was able to identify areas with short-term (stepping stone), long term, or 
short-and-long term biotic refugia potential. I was also able to reduce some level of 
uncertainty regarding the severity of projected warming and precipitation changes by 
preferentially selecting those biotic refugia areas that were selected in multiple GCMs. 
4.1.4. Representational Zones 
 Although this analysis incorporated a healthy diversity of conservation features, 
certain representational targets that are often overlooked but undeniably important to a 
healthy protected areas network were also deemed beneficial and thus, incorporated in this 
SCP. While representational zone datasets were incorporated in the MARXAN-ILP analysis, 
no targets were set for these features (MARXAN ILP did not attempt to capture a certain 
representation of any representational zone). The representational results (% of each 
representation zone captured by each solution) were analyzed in each SCP scenario, 
reviewed and considered in the assessment of each resulting MARXAN-ILP solution. 
Although these data layers had no impact on the MARXAN-ILP solutions, the information 
could be considered and used in further conservation planning and decision making. For 
example, if a MARXAN-ILP solution identified that only a small proportion of a 
representational zone was selected in a MARXAN-ILP analysis (i.e. low-elevation valleys), 
that representational zone could be prioritized as an area for immediate conservation action 
when determining where to actually establish protected area boundaries. The representational 
zones assessed in this SCP were ecoregional representativeness, elevational 
representativeness and biogeoclimatic representativeness.  
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4.1.4.1 Ecoregional Representation 
Human impacts on the natural environment have reached such proportions that the 
term “biome crisis” has been coined to describe the emergence of substantial and widespread 
disparities between habitat loss and protection across ecoregions and, at a global scale, across 
entire biomes (Hoekstra et al., 2005). Although planning strategies in Canada have slowly 
evolved to incorporate more ecologically relevant criteria for identifying protected areas, one 
of the first endeavors to do this was through the adoption of ecoregional representativeness, 
also considered the ‘one and done’ approach, whereby a single protected area representing 
broad landscape patterns was designated and deemed sufficient protection for an ecoregion 
(Kavanagh et al., 1995). Although ecoregional representation is undoubtedly important, 
within British Columbia the provincial approach has been biased towards selecting for 
biodiversity hotspots and has proved insufficient at representing ecological processes 
necessary to maintain biodiversity (Province of British Columbia, 1993).  
As there has been an increased focus on using a common Canadian framework to 
examine representation, I used federal ecoregions to examine the extent of ecoregional 
representativeness within the WHSA’s existing protected areas and to see how lands 
prioritized for conservation could contribute to ecoregional representativeness. Eleven 
ecoregions merge within the WHSA, resulting in a landscape of great biotic and abiotic 
diversity. I incorporated these ecoregions as representational zones to be used as additional 
information following the MARXAN-ILP analysis. By including ecoregions as 
representativeness datasets, without any target assigned to them, I was able to ensure that the 
tool was not dissuaded from selecting those areas of the highest conservation value in order 
to achieve ecological representativeness goals. To do this, I used the federal Ecoregion 
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dataset and ArcGIS to extract each of the eleven ecoregions found within the WHSA as 
separate datasets and incorporated them into the MARXAN-ILP model without applying a 
target. This provided valuable supplemental information post MARXAN-ILP analysis.  
4.1.4.2 Elevational Representation 
A history of protected area establishment for reasons other than nature conservation 
has fostered a legacy of residual reserves in Canada (Pressey & Bottrill, 2008). Residual 
reserves are typically biased towards economically marginal lands characterized by steep 
slopes, high elevations, low soil fertility, and low land degradation pressure (Brooks et al., 
2004; Rodrigues et al., 2004; Joppa & Pfaff, 2009).  In an attempt to identify shortcomings in 
the British Columbia protected areas network, the Province of British Columbia’s 1993 
Protected Area Strategy (Stevens & Darling, 2004) used a gap analysis method to identifying 
new protected areas that would help address underrepresentation of mid-low-elevation 
ecosystems in the province (Province of British Columbia, 1993). Although the intent of this 
strategy was to establish policy targets for conservation, the existing legacy of protected 
areas that were developed with contrary representation goals prevented government from 
successfully implementing this methodology and resulted in limited progress towards 
building a healthy and functioning protected areas network in British Columbia (Doyle & 
Province of British Columbia, 2010). 
To assess the elevational representation within the WHSA protected areas network, I 
used a TRIM-derived digital elevation model from the British Columbia Data catalogue and 
in ArcGIS, reclassified the digital elevation model into three equal-area elevational bins (low, 
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medium and high elevations). I individually extracted these three zones and incorporated the 
datasets into my MARXAN-ILP model.  
As the conservation feature datasets used in this SCP were curated with elevational 
biases taken into consideration, I did not to include the elevational datasets as conservation 
features, but rather as a representational zones without targets in the MARXAN-ILP analysis 
to ensure that the tool was not dissuaded from selecting those areas of the highest 
conservation value to achieve elevational representativeness goals. To do this, I added the 
three elevational zone datasets into the MARXAN-ILP analysis but did not provide a target 
for any of the zones. This allowed me to evaluate the current elevational representation as 
well as the elevational representation of my MARXAN-ILP solutions as valuable 
supplemental information. 
4.1.4.3 Biogeoclimatic Ecosystem Classification Representation 
To incorporate future biodiversity trends, in a manner consistent with the British 
Columbia Ministry of Forests, I used biogeoclimatic ecosystem classification (BEC) zone 
data, which were developed specifically for British Columbia. The BEC system has been 
adopted and expanded by the British Columbia Ministry of Forests as a framework for 
managing ecosystems and has become integral to wildlife, forest, and range management. 
Projections of future BEC zone distributions are already being used by the British Columbia 
government’s tree seed transfer framework, where BEC units and their shifts in space in 
accordance with climate change are being used to determine seed transfer limits and to help 
guide the provincial government’s tree species suitability guidelines (O’Neill et al., 2017). 
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The BEC system is a hierarchal classification system that combines the ecological 
effects of climate and soil from vegetation communities. British Columbia is divided into 16 
zones, ~100 subzones, and ~200 subzone-variants. At its broadest level, zones cover large 
geographic areas with relatively uniform macroclimates. A zone has characteristic 
connections between energy flow and nutrient cycling and has a typical pattern of vegetation 
and soil. Zones also have characteristic prevailing soil-forming processes, and one or more 
typical, major, climax species of tree, shrub, herb, and/or moss. 
For the purposes of this SCP I chose to use the broadest level that represents 
ecological communities to provide a general understanding of which ecological communities 
have received the most protection within the WHSA and which are at risk. I also 
incorporated BEC zone projections to ensure that as these zones shift over time they remain 
represented within the protected areas network.  
I used the projected BEC zone distributions data for British Columbia under an RCP 
8.5 scenario, for the 2050s and 2080s created by Wang et al. (2016) as they were the only 
projected future BEC zone distributions available and consistent with my other climate 
change data layers. In ArcGIS I extracted each of the current, 2050s and 2080s individual 
BEC zones and incorporated each of these datasets into my MARXAN-ILP model. To ensure 
that the tool was not dissuaded from selecting those areas of the highest conservation value in 
order to achieve BEC zone representativeness goals, these datasets were not used as 
conservation features or given targets. Rather, BEC zone datasets were incorporated as 
representational zones. 
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4.1.5 Climate Change and Connectivity as Supplemental Planning Information 
To further the efficacy of this SCP analysis, connectivity models, both pre-existing 
and newly developed for the purposes of this SCP, were incorporated into this SCP to 
anticipate and plan for the inevitability that climate-sensitive species will need to track 
suitable climates and take shelter in refugia as their ranges shift across the landscape in 
accordance with climate change. This analysis sought to connect both current and future 
habitats and refugia by identifying areas that facilitate species’ movements at one point in 
time between habitats as well as connect current habitats to future habitats. To do this, an in-
depth current landscape connectivity analysis was performed, and climate corridor data were 
acquired and included in the SCP. This section describes the pre-existing climate change 
connectivity data incorporated in this SCP, followed by the analyses performed to create the 
current landscape connectivity model. 
To provide insights into which areas may serve as important corridors for species 
tracking shifting climates, I chose to use data developed by Carroll et al. (2018) which was 
the first study to characterize areas that merit protection for their role in promoting climate 
connectivity at a continental extent across North America. Carroll et al. (2018) mapped 
climate connectivity corridors across North America by delineating paths between current 
climate types and their future analogs while avoiding non-analogous climates. They used the 
same climate data from the CMIP5 database, timeframes (2050s and 2080s), and RCP 
scenario (8.5) and the same aforementioned 11 biologically relevant climate variables 
consistent with the climate change conservation feature datasets obtained from the 
AdaptWest database. 
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Carroll et al. (2018) modelled forward shortest-path centrality corridors representing 
the shortest paths from current (1981-2010 period) to future (2071-2100 period) climate 
locations and backward shortest-path centrality corridors representing connectivity from 
future to current climate analogs. These shortest-path centrality values represent the number 
of dispersal paths that overlap at a certain location. They also modelled current flow 
centrality representing connections between current and future locations of the climate type 
by or the net flow of dispersers through a site. 
Carroll et al. (2018) observed that climate connectivity areas (areas where many 
potential dispersal paths overlapped) were distinct from refugia and disappearing climates. 
This suggests that they are possibly poorly being captured by conservation strategies. Using 
the climate corridor data, Carroll et al. (2018) ranked the relative importance of major North 
American protected areas for climate connectivity and found the mountain national parks and 
the Muskwa-Kechika Management Area that form the northern and southern boarder of the 
WHSA to have very high relative importance for North American climate connectivity. The 
many climate forward shortest-paths and backward shortest-path corridors that run through 
the WHSA, high current flow centrality relative to other parts of North America, and severe 
anthropogenic pressures in the area certainly merit increased conservation focus. 
In ArcGIS, I evenly (by area) separated each of the forward shortest path, backward 
shortest path, and current-flow centrality data provided by Carroll et al. (2018) and extracted 
the 50% area with the highest values. These three datasets were then incorporated into the 
MARXAN-ILP model. There is no way to discourage MARXAN-ILP from selecting small 
portions of disparate corridors without first assigning each corridor a relative importance, 
unique identity, and target. As the importance/value of each individual corridor would 
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change with the establishment of new protected areas and differing conservation goals, 
climate corridors were not included in the MARXAN-ILP analysis, but rather provided as a 
supplemental information overlay to identify important areas of climate connectivity between 
existing and proposed protected areas. 
4.2 Step 2: Perform a Thorough Analysis on Anthropogenic Disturbance in the Study Area 
The PRB region has experienced the development of a significant human footprint 
dominated by industrial landscape conversions. In spite of the extensive nature of these 
anthropogenic disturbances and the future resource development potential of the area, there is 
still a narrow band of intact forest landscapes running from Kakwa Provincial Park and the 
adjoining mountain park complex to the southeast and north to the Muskwa-Kechika 
Management Area. This Hart/Muskwa Ranges corridor that runs the length of the WHSA is 
not devoid of anthropogenic disturbances. Developments are creeping into the southern and 
central portions of this landscape and future resource development potential suggests that 
these impacts will only increase. There is still, however, opportunity to conserve a vital 
landscape before it too disappears. 
To assess the severity and distribution of anthropogenic disturbance, a thorough 
“human footprint” analysis was performed within the broader PRB region which 
encompasses the WHSA priority area and the Hart/Muskwa Ranges corridor (Human 
Footprint Project – Mann & Wright, 2018). To do this, data for each of 25 different types of 
human use were obtained from the Provincial British Columbia Data Catalogue, 
consolidated, variably buffered, mapped and analyzed for the broader study area and for the 
Hart/Muskwa Ranges. Using ArcGIS, variable buffers were applied to the various forms of 
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development based on woodland caribou avoidance behaviours (Mann & Wright, 2018). 
These buffers were considered suitable for this SCP because given their large sizes, the 
avoidance buffers were able to address the needs of caribou, but also were likely to increase 
the probability of accommodating the needs of species that exhibited less sensitivity to 
resource development. 
Since all human disturbance is not equal and ephemeral disturbances may recover 
over time, I created a semi-permanent (soft) footprint for those developments and land uses 
that create impacts that are more ephemeral in nature as well as a hard (more permanent) 
human footprint. The hard-human footprint created in this analysis was used in the creation 
of both the cost layer required by MARXAN-ILP, as well as in the creation of the current 
landscape connectivity model. 
4.2.1 Cost Layer 
MARXAN-ILP allows the user to preferentially select for high conservation value 
areas while simultaneously allowing the users to avoid the selection of certain areas through 
the use of a cost surface. A cost surface is a spatial representation of elements in a planning 
region that have been identified as having a negative impact on the conservation features 
being selected for. Just as conservation features with higher values have been preferentially 
selected for, user-defined penalties may be weighted based on the extent to which the cost 
feature degrades the values that make up a conservation feature. Accordingly, the use of a 
cost surface deters the tool from selecting planning units that contain elements that may 
jeopardize the goals of a given SCP process.  
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Using the datasets compiled in the Human Footprint Project (Mann & Wright 2018), I 
developed a cost surface that represents the extent of compounding anthropogenic 
disturbances. To do this, I used ArcGIS to give each variably buffered hard footprint layer 
(industrial, hydroelectric dams, mining, oil and gas ancillary, wells, pipelines, other lines, 
roads, urban areas, waste disposal sites, waterpower sites, wind power sites) a value of 1. 
These datasets were combined and summed to obtain a disturbance rating from 0 (no 
disturbance) to 12 (all 12 disturbance layers overlapped). In doing this I was able to apply a 
higher disturbance weight to areas with more anthropogenic development. The utilization of 
this data layer is described in section 4.6.1.2 Cost Surface. 
4.3 Step 3: Use Gnarly Landscape Utilities and Linkage Mapper to Quantify Landscape 
Permeability and Identify Important Corridors for Connectivity  
The climate corridors identified by Carroll et al. (2018) identified paths between 
current climate types and their future analogs that could be used by species as they track 
shifting climates while avoiding non-analogous climates. Creation of these corridors, 
however, did not attempt to connect large intact habitats minimally impacted by 
anthropogenic barriers/disturbances. Accordingly, to build connectivity between protected 
areas into the WHSA protected areas network, I performed a landscape connectivity analysis 
in the broader Peace River Break region to identify those areas most likely to serve as 
wildlife corridors between the protected areas in the region.  
Linkage Mapper software is a relatively new tool that utilizes both random walk 
analysis and electric circuit theory to measure the matrix permeability of all possible 
pathways available to moving organisms across a landscape/surface (McRae et al., 2008). 
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This allows measures of current (movement of organisms) and resistance (opposition to 
individual movement) between nodes (habitat patches) to be interpreted as the movement 
probabilities of organisms across a resistance raster/landscape. As a result, Linkage Mapper 
is capable of removing potential sources of bias and produces an intuitive output map of 
connectivity across a study area. The output connectivity map is not species-specific, but 
rather, focuses on the structural connectivity of natural lands.  
I modelled landscape connectivity (connecting habitat patches as Protected Areas 
across space) using Gnarly Landscape Utilities and Linkage Mapper to map landscape 
connectivity within the broad Peace River Break area. Gnarly Landscape Utilities was used 
to create the resistance layer and core habitat map layers required by Linkage Mapper. My 
resistance layer was created using data from the Provincial British Columbia data catalogue. 
Land cover from the Vegetation Resource Inventory, slope, the hard human footprint data 
layers and their caribou avoidance buffers compiled in the Human Footprint Project were all 
given a resistance value (0-100) and converted into a single continuous landscape resistance 
dataset using Gnarly Landscape Utilities. I used the protected areas polygons as the core 
areas/habitat patches and the “Sum” resistance calculation method to obtain a landscape 
resistance layer depicting those areas from lowest (1) to highest (326) resistance. 
The resistance layer created using the ArcMap Gnarly Landscape Utilities toolbox 
was then used as an input in the Linkage Mapper Toolkit’s Linkage Pathways Tool. The 
results show a continuous fabric as measures of current (or movement of organisms) and 
resistance (or opposition to movement) between habitat patches which can be interpreted as 
movement probabilities of organisms across a landscape. To remove those areas of poor 
connectivity and more clearly define the landscape connectivity corridors I truncated the data 
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values at 200,000. This truncation value was found to most clearly depict those areas with the 
highest connectivity values (movement probabilities) while removing those areas that have 
negligible movement probabilities. 
I incorporated the resultant landscape connectivity dataset into this SCP as 
supplemental information that was excluded from the MARXAN-ILP analysis. If the corridor 
data were included in the MARXAN-ILP analysis, there would be no way to discourage the 
tool from selecting small portions of disparate corridors without first assigning each corridor 
a relative importance, unique identity, and target. As the importance/value of each individual 
corridor would change with the establishment of new protected areas and the conservation 
goal, connectivity corridors were not included into the MARXAN-ILP analysis but rather 
provided as an overlay to identify important areas of connectivity between the existing 
protected areas network. 
4.4 Step 4: Identify Conservation Goals for the PRB 
One of the primary goals of this study was to prioritize lands for conservation in the 
WHSA that would strengthen the existing protected areas network within the region by 
promoting climate change resiliency, biodiversity and ecological sustainability, connectivity, 
and maintaining disturbance regimes. The conservation features, representational targets, and 
connectivity models previously described were carefully curated and developed with these 
goals in mind. Land facet diversity and rarity were selected for because of the strong 
evidence for this geophysical approach being effective at predicting current and future 
biodiversity. Environmental diversity metrics were selected because of their simple, and 
generalizable approach to identifying potential micro-refugia, which can increase the 
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probability that species will be able to find suitable habitat within close proximity as climate 
changes as well as their ability to maximize landscape-level adaptive capacity. Forest pattern 
and process were selected as they represent distinct disturbance regimes in combination with 
forest types containing high levels of biodiversity. Each individual species chosen as fine-
filter conservation features were selected because of their vulnerability and ability to 
represent a wide range of ecosystems and the habitat needs making them effective surrogates 
for biodiversity. Climatic refugia was selected for as these sites are anticipated to experience 
climate change at slower rates and smaller magnitudes making them vital refugia for climate-
displaced species. Biotic refugia were selected as these increasingly rare climatic conditions 
are required by, and will be within reach of, species in the future. Novel climates were 
selected for as they provide a potentially strong driving mechanism for disaggregation of 
existing species associations, assembly into novel associations and other unexpected 
ecological responses or ‘ecological surprises’ and present novel opportunities for testing 
ecological theory. Representational targets and connectivity corridors were included in this 
SCP to assess the effectiveness of the conservation features to meet the goals of this study 
and to provide supplemental information which would be used to evaluate the MARXAN-
ILP solutions.  
Once the conservation features, representational targets, and connectivity models 
were assembled, targets for each conservation feature had to be set. I relied on relevant 
literature, previous analyses performed in the study area, and expert opinion to set a suite of 
targets that, while uncompromising, could efficiently and effectively achieve conservation 
goals while permitting opportunities for non-conservation and resource activities.  
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The best available knowledge was used to assign a target to each individual 
conservation feature based on the feature’s spatial extent within the WHSA and ecology. 
These targets were used in the MARXAN-ILP analysis to inform the tool on how much area 
the analysis was required to obtain of each conservation feature when performing 
prioritizations. For example, a conservation feature with a 20% target would 
uncompromisingly capture 20% of that feature’s spatial extent within the WHSA in the 
resulting solution. Accordingly, much consideration was put into selecting unique targets for 
each conservation feature that would ensure the conservation feature was capable of 
effectively fulfilling its purpose. 
When conducting this SCP, many targets specific to the area were not available and 
consequently, extrapolation from targets used in comparable research was required. Many of 
the targets set in this SCP were informed by studies within different regions and ecologies 
and as a result, the percentage of area required for a feature to be adequately represented may 
differ from those found in other studies because of scale discrepancies between the planning 
areas. To ensure the most relevant research was used to inform this SCP, the research 
conducted within, or directly adjacent to, the WHSA was used in the target selection process 
as it represented the best-available data. Where conservation features were given targets by 
Curtis (2018), those targets were used as they were developed to meet objectives outlined in 
Implementation Plan for the Ongoing Management of South Peace Northern Caribou in 
British Columbia (Ministry of Environment, 2013), the Muskwa-Kechika Management Area 
Biodiversity Conservation and Climate Change Assessment (Yellowstone to Yukon 
Conservation Initiative, 2012), the Biodiversity Guidebook (Province of British Columbia, 
1995), and Conservation Area Design for the MKMA (Heinemeyer et al, 2004). They also 
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were used to ensure consistency between analyses and allow for a comparison between SCP 
approaches.  
4.5 Step 5: Review Existing Protected Areas in the WHSA 
To determine the extent to which existing protected areas have already contributed to 
conservation targets in the WHSA, I dissolved all the protected areas within the study area 
into one multi-part polygon. This protected areas feature was then incorporated into 
MARXAN-ILP and scenarios were run with a 100% protected areas target. This revealed the 
percent of each conservation feature that was already protected. The percentage of each 
conservation feature already represented by the existing protected areas network was then 
subtracted from each of the identified conservation feature targets and this new value was set 
as the MARXAN-ILP target to resolve the discrepancy between the target’s percent currently 
achieved and the target’s desired percent. 
4.6 Step 6: Use MARXAN with ILP to Generate a Portfolio of Additional Protected Areas 
 I used the conservation prioritization software MARXAN to model alternative 
protected areas network designs based on specified targets and constraints. A MARXAN 
model that was previously developed for the WHSA study area by Curtis (2018) was used as 
a guide in this SCP. The previously developed MARXAN model followed the traditional 
SCP framework, used binary conservation features, and did not include climate change 
information aside from the inclusion of land facet diversity as a model variable. In an attempt 
to overcome the resulting shortcomings and endeavor to achieving outstanding targets/goals 
for conservation within the WHSA, I enhanced many of the conservation features previously 
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created by Curtis (2018) and added additional conservation features and representativeness 
zones for comparative analyses. 
The ArcGIS-based prioritization software MARXAN that operates within an integer 
linear programming (ILP) framework (Beyer, Dujardin, Watts, & Possingham, 2016) was 
used to perform conservation prioritization in this SCP. MARXAN with ILP was used to 
maximize the extent to which targets for conservation were achieved within 1 km2 planning 
units at the lowest cost (with the least amount of area and in areas with the least amount of 
human modification).  
I then assembled a portfolio of recommended protected areas network designs for the 
WHSA study area that included both core and corridor areas and met targets for connectivity, 
size and representativeness, as well as promoted climate change resiliency in the region. The 
resulting conservation prioritization portfolios were then enhanced by calculating a 
conservation value metric that identified the number of conservation features captured per 
planning unit.  
4.6.1 MARXAN-ILP Inputs 
MARXAN-ILP requires certain inputs or raster datasets in order to operate. These 
inputs typically include the features of interest to be captured, as well as a cost or penalty to 
be avoided. The user must define a number of input raster datasets, which reflect the purpose 
of the SCP process such as conservation features. These inputs must have consistent 
overlapping cells which represent the individual planning units. A cost layer is also typically 
included in the analysis to dissuade the analysis from selecting planning units with 
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undesirable attributes such as high fiscal cost or poor conservation value. All of these inputs 
used in this SCP are described in the following sections. 
 4.6.1.1 Planning Units 
A planning unit is an area made available for selection by MARXAN-ILP. Both the 
size and shape of a planning unit is user-defined but must be consistent across all of the input 
datasets. Grids, surveyed land parcels, administrative boundaries, and various ecological 
classification systems (e.g., biogeoclimatic zones, watersheds, ecoregions, wildlife 
management units, etc.) are commonly used planning units in MARXAN-ILP. To be 
consistent with previous analysis (Curtis, 2018), I chose to use the same 1 km2 cells as 
planning units in this analysis.  
4.6.1.2 Cost Surface 
MARXAN-ILP requires a cost metric for all planning units within the analysis area. 
A planning unit cost represents the expense associated with selecting a given planning unit in 
a solution. Accordingly, common cost layers reflect the acquisition cost (financial values of 
acquiring an area), opportunity cost (resource potential), or any value or feature designed to 
discourage the selection of a planning unit. The planning unit cost enables MARXAN-ILP to 
efficiently select high-value areas while avoiding those areas that may adversely affect the 
solution. The cost layer used in this SCP represents the degree of anthropogenic disturbance 
within the WHSA described previously. In using this updated scaled human footprint cost 
layer, the tool was forced to be efficient in its selection and target those planning units 
containing the highest conservation value (multiple, overlapping conservation features) 
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within the least amount of area while avoiding those areas with the highest cost 
(degradation). 
4.6.1.3 Protected Areas 
The ‘locked out’ option was used to make existing protected areas unavailable for 
selection by MARXAN-ILP. The contributions of existing protected areas were incorporated 
through the completion of Step 5 in the SCP process when targets were adjusted according to 
the extent to which existing protected areas already achieved them. By using the ‘locked out’ 
option I was able to prevent MARXAN-ILP from selected planning units primarily based on 
their adjacency to existing protected area, but instead relative to their actual conservation 
value. 
4.6.1.4 Running MARXAN-ILP 
Once all of the user-defined inputs had been incorporated into the MARXAN-ILP 
tool, the prioritization analysis was run. Using integer linear programming, MARXAN-ILP 
selects those planning units that represent the optimal solution to the objective function:  
Minimize Σ       s                      ; 
Given that Σ Conservation          s                       ≥                     ; 
and                         = (0,1) 
To select those planning units with the highest prioritization value, MARXAN-ILP 
analyzes each planning unit by looking at each conservation feature layer present within the 
planning unit and its individual value (low to high). It then determines the overall value of 
that planning unit by taking into consideration the total number of conservation features 
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captured and their individual values. Where a planning unit contains a cost value, it is 
assigned the cost penalty that the user has defined. In doing this, MARXAN-ILP meets 
conservation targets by selecting those planning units that avoid cost penalties and have the 
highest conservation value (the most overlapping conservation features with highest 
individual conservation values).  
4.6.2 Scenario Development 
I developed three MARXAN-ILP scenarios to address my research questions (Table 
3). Each scenario was parametrized to meet conservation targets at the lowest possible cost to 
encourage the selection of areas containing multiple overlapping high-value conservation 
features while avoiding areas with compounding anthropogenic disturbances within or 
proximal to each planning unit. 
Table 3. MARXAN-ILP Scenarios A, B and C inputs used to prioritize lands for conservation in the Wild Harts 
Study Area (WHSA). 
Scenario Conservation Feature Inputs 
A. 
grizzly bear; caribou; fisher; bill trout; special features; forest patterns & 
processes 
B. 
land facet diversity and rarity; heat load index diversity; ecotypic diversity;  
climate diversity; backwards refugia; biotic refugia; novel climates 
C. All of the above 
 
In the first scenario; Scenario A, I set targets representing the percent of the 
conservation feature to be captured in the solution on only those static conservation targets 
identified by Curtis (2018) with the addition of a fisher habitat layer and removal of the land 
facet diversity layer. By doing this, I was able to identify which areas contain the highest 
“current state” conservation values. This also created an updated and enhanced solution 
comparable to the SCP completed by Curtis (2018) which lacked the fisher conservation 
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feature and used binary datasets. Scenario A identified the minimum area required to achieve 
the current biodiversity feature targets, as well as how much of the future biodiversity targets 
could be passively obtained by this scenario. This “current state” SCP solution could then be 
compared with the following scenario; Scenario B, which sought to identify those areas 
important for “future state” conservation (aka those areas with the most refugia potential and 
potential for novelty); and Scenario C, which sought to identify those areas important for 
both current and “future state” conservation. 
In Scenario B, targets representing the percent of the conservation feature to be 
captured were only set on future biodiversity features to identify those areas within the 
WHSA with the most future biodiversity conservation value. The percent of each future 
biodiversity conservation feature that was obtained by Scenario A was evaluated and used to 
develop the targets for Scenario B. All future conservation features were determined to be 
satisfactorily represented by Scenario A so the percent of each future biodiversity feature 
obtained by Scenario A was used as the targets in Scenario B. Should any of the future 
biodiversity feature representation within Scenario A been deemed unsatisfactory, the target 
would have been increased for Scenarios B and C.   
My final scenario; Scenario C, incorporated both “current state” and “future state” 
conservation feature targets to most efficiently prioritize planning units that have the highest 
conservation value in areas that meet the needs of “current” and “future” biodiversity while 
avoiding anthropogenically disturbed lands. The targets representing the percent of the 
conservation feature to be captured used in Scenario A and Scenario B were both used in 
Scenario C. In performing this analysis, MARXAN-ILP was forced to essentially achieve the 
same targets that were obtained in Solution A but more effectively, by evaluating the unique 
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conservation scores within each current and future biodiversity conservation feature input 
layer. This ensured the analysis captured the most efficient and effective solution with little 
to no additional cost. 
The following tables (Tables 4, 5 and 6) indicate for each conservation feature; the 
percent of the WHSA covered by that feature, the amount the feature is currently protected 
within the WHSA (%), the desired amount of protection (%) within the WHSA, and the 
additional percent that needs to be captured to meet the desired level of protection  
(% target - % currently protected = additional % needed). 
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Table 4. Scenario A: Current biodiversity features, their current rate of protection (%), desired protection target 
(%), and additional area required to achieve the desired target (%) within the Wild Harts Study Area (WHSA). 
 
Conservation Feature % of WHSA % Protected % Target Additional % Needed
Grizzly Habitat Capability 66 17 60 43
Grizzly Habitat Suitability 65 18 60 42
Burnt Pine Caribou Herd <1 0 90 90
Finlay Caribou Herd 1 1 90 89
Gataga Caribou Herd 6 25 90 65
Graham Caribou Herd 6 14 90 76
Hart Ranges Caribou Herd 7 16 90 74
Kennedy Caribou Herd 2 15 90 75
Moberly Caribou Herd <1 3 90 87
Muskwa Caribou Herd 11 95 90 0
Narraway Caribou Herd 7 19 90 71
Pink Mountain Caribou Herd 9 27 90 63
Quintette Caribou Herd 2 6 90 84
Scott Caribou Herd <1 0 90 90
Fisher 11 8 60 52
Bull Trout 47 19 60 41
Special Features 5 22 60 38
NDT1-ESSF-Burned <1 22 100 78
NDT1-ESSF-Mature/Old 12 8 74 66
NDT1-ICH-Burned <1 23 100 77
NDT1-ICH-Mature/Old <1 30 75 45
NDT2-ESSF-Burned 1 2 100 98
NDT2-ESSF-Mature/Old 11 13 75 62
NDT2-SBS-Burned <1 5 100 95
NDT2-SBS-Mature/Old 6 5 66 61
NDT2-SWB-Burned 1 67 100 33
NDT2-SWB-Mature/Old 7 26 83 57
NDT3-BWBS-Burned 1 24 100 76
NDT3-BWBS-Mature/Old 10 10 46 36
NDT3-SBS-Burned <1 0 100 100
NDT3-SBS-Mature/Old <1 1 76 75
Climatic Diversity 50 13 - NA
Ecotypic Diversity 51 11 - NA
Elevation Diversity 51 26 - NA
Heat Load Index Diversity 51 30 - NA
Land Facet Diversity 50 16 - NA
Land Facet Rarity 5 28 - NA
Biotic Refugia 23 41 - NA
Backwards Velocity Refugia 51 23 - NA
Novel Climates 2025 2 2 - NA
Novel Climates 2055 21 21 - NA
Novel Climates 2085 75 18 - NA
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Table 5. Scenario B: Future biodiversity features, their current rate of protection (%), desired protection target 
(%), and additional area required to achieve the desired target (%) within the Wild Harts Study Area (WHSA). 
 
Conservation Feature % of WHSA % Protected % Target Additional % Needed
Grizzly Habitat Capability 66 17 - 43
Grizzly Habitat Suitability 65 18 - 42
Burnt Pine Caribou Herd <1 0 - 90
Finlay Caribou Herd 1 1 - 89
Gataga Caribou Herd 6 25 - 65
Graham Caribou Herd 6 14 - 76
Hart Ranges Caribou Herd 7 16 - 74
Kennedy Caribou Herd 2 15 - 75
Moberly Caribou Herd <1 3 - 87
Muskwa Caribou Herd 11 95 - 0
Narraway Caribou Herd 7 19 - 71
Pink Mountain Caribou Herd 9 27 - 63
Quintette Caribou Herd 2 6 - 84
Scott Caribou Herd <1 0 - 90
Fisher 11 8 - 52
Bull Trout 47 19 - 41
Special Features 5 22 - 38
NDT1-ESSF-Burned <1 22 - 78
NDT1-ESSF-Mature/Old 12 8 - 66
NDT1-ICH-Burned <1 23 - 77
NDT1-ICH-Mature/Old <1 30 - 45
NDT2-ESSF-Burned 1 2 - 98
NDT2-ESSF-Mature/Old 11 13 - 62
NDT2-SBS-Burned <1 5 - 95
NDT2-SBS-Mature/Old 6 5 - 61
NDT2-SWB-Burned 1 67 - 33
NDT2-SWB-Mature/Old 7 26 - 57
NDT3-BWBS-Burned 1 24 - 76
NDT3-BWBS-Mature/Old 10 10 - 36
NDT3-SBS-Burned <1 0 - 100
NDT3-SBS-Mature/Old <1 1 - 75
Climatic Diversity 50 13 67 54
Ecotypic Diversity 51 11 67 55
Elevation Diversity 51 26 75 49
Heat Load Index Diversity 51 30 79 50
Land Facet Diversity 50 16 65 49
Land Facet Rarity 5 28 67 38
Biotic Refugia 23 41 90 49
Backwards Velocity Refugia 51 23 75 52
Novel Climates 2025 2 2 31 29
Novel Climates 2055 21 21 64 42
Novel Climates 2085 75 18 67 49
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Table 6. Scenario C: Current and future biodiversity features, their current rate of protection (%), desired 
protection target (%), and additional area required to achieve the desired target (%) within the Wild Harts Study 
Area (WHSA). 
 
Conservation Feature % of WHSA % Protected % Target Additional % Needed
Grizzly Habitat Capability 66 17 60 43
Grizzly Habitat Suitability 65 18 60 42
Burnt Pine Caribou Herd <1 0 90 90
Finlay Caribou Herd 1 1 90 89
Gataga Caribou Herd 6 25 90 65
Graham Caribou Herd 6 14 90 76
Hart Ranges Caribou Herd 7 16 90 74
Kennedy Caribou Herd 2 15 90 75
Moberly Caribou Herd <1 3 90 87
Muskwa Caribou Herd 11 95 90 0
Narraway Caribou Herd 7 19 90 71
Pink Mountain Caribou Herd 9 27 90 63
Quintette Caribou Herd 2 6 90 84
Scott Caribou Herd <1 0 90 90
Fisher 11 8 60 52
Bull Trout 47 19 60 41
Special Features 5 22 60 38
NDT1-ESSF-Burned <1 22 100 78
NDT1-ESSF-Mature/Old 12 8 74 66
NDT1-ICH-Burned <1 23 100 77
NDT1-ICH-Mature/Old <1 30 75 45
NDT2-ESSF-Burned 1 2 100 98
NDT2-ESSF-Mature/Old 11 13 75 62
NDT2-SBS-Burned <1 5 100 95
NDT2-SBS-Mature/Old 6 5 66 61
NDT2-SWB-Burned 1 67 100 33
NDT2-SWB-Mature/Old 7 26 83 57
NDT3-BWBS-Burned 1 24 100 76
NDT3-BWBS-Mature/Old 10 10 46 36
NDT3-SBS-Burned <1 0 100 100
NDT3-SBS-Mature/Old <1 1 76 75
Climatic Diversity 50 13 67 54
Ecotypic Diversity 51 11 67 55
Elevation Diversity 51 26 75 49
Heat Load Index Diversity 51 30 79 50
Land Facet Diversity 50 16 65 49
Land Facet Rarity 5 28 67 38
Biotic Refugia 23 41 90 49
Backwards Velovity Refugia 51 23 75 52
Novel Climates 2025 2 2 31 29
Novel Climates 2055 21 21 64 42
Novel Climates 2085 75 18 67 49
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4.6.3 Reintroducing Values to MARXAN-ILP solutions 
 While MARXAN-ILP uses the number of overlapping conservation features, their 
unique values, and the cost of each planning unit during the prioritization process, the 
solution is always binary. To re-introduce a conservation value which could be used to 
compare planning units within the solutions, I summed all of the overlapping conservation 
feature inputs and “clipped” this summed dataset with the final solutions. This additional 
analysis resulted in a final solution dataset for each scenario which displayed the number of 
overlapping conservation features, or number of features captured, within each selected 
planning unit. This improved the value of the outputs of this SCP, essentially ranking the 
selected planning units according to their conservation value (the more conservation features 
captured per planning cell, the higher the conservation value). This information could prove 
very useful in future protected area planning incentives.  
4.7 Step 7: Perform a Comparative Analysis between CCC-SCP and Traditional SCP 
Proposed Protected Areas Networks 
One of the primary goals of this study was to determine how high-priority sites for 
landscape-level conservation in the WHSA differ between a static biodiversity-based 
approach and a climate resiliency-based approach to conservation area design. To address 
this goal, I compared the outcomes of Scenario A (current state), Scenario B (future state), 
and the final Scenario C (inclusive). As all of the analyses were performed on the same study 
area and used the same cost layer, a comparative analysis allowed me to identify how the 
incorporation of climate change data for future state planning affected the conservation 
prioritization results. 
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4.8 Step 8: Analyze Conservation Feature Complementarity and Resultant 
Representativeness 
Using MARXAN-ILP I also analyzed the complementarity (extent to which 
conservation targets contributed to other conservation targets) of current and future state 
conservation planning features. To do this, a MARXAN-ILP analysis was run for each 
individual conservation feature with a 100% target for only that feature. This revealed, for 
each conservation feature, how much that individual conservation feature represents every 
other conservation feature (what percent) in the analysis. By doing this I was able to 
determine the ability of each conservation feature to capture other conservation feature 
targets. This analysis helped to determine whether certain conservation features could 
reasonably serve as surrogates for other targets. 
To further understand how conservation targets and scenario solutions contributed 
towards representational targets (zones), I reviewed the extent to which the three scenario 
solutions were distributed amongst each of the representational zones within the WHSA. To 
do this I included the representational features in the MARXAN-ILP analysis but did not set 
a target on them. When the scenarios were run, the solution metrics revealed the percent of 
each representativeness zone achieved by the solution. 
5.0 RESULTS 
This section reviews the results of the eight SCP steps (Table 1). Inset maps were 
created for the features included in this analysis to help describe the data. 
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5.1 Conservation Feature Layers  
A total of 43 conservation feature layers were constructed, overlain across the entire 
planning region, and made available for selection by MARXAN-ILP. An additional 45 
representational zone and four connectivity corridor datasets were included in the analysis as 
supplemental information without any targets. Each conservation feature maintained its 
unique individual, continuous, cell values to allow for the preferential selection of areas with 
the highest conservation value. 
5.1.1 Coarse-filter Conservation Features  
Twenty coarse-filter conservation features were used in this analysis. Coarse-filter 
features included land facet diversity, land facet rarity, elevational diversity, heatload index 
diversity, ecotypic diversity, climate diversity and a series of layers displaying an intersection 
of natural disturbance, biogeoclimatic zone, and forest age.  
5.1.1.1 Land Facet Diversity  
The land facet diversity layer occupies 50% of the total WHSA’s area and is already 
16% protected by the existing protected areas network (Table 20, Section 5.8). The land facet 
diversity layer is distributed in the central region of the northern portion of the study area and 
along the western and eastern portions of the southern study area (Fig. 5). These areas 
exhibiting high land facet diversity straddle the mountainous terrain of the WHSA and 
capture a relatively even distribution of the elevation zones within the WHSA (39% = Low, 
31% = Medium and 30% = High) (Fig. 5).  
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Figure 5. Spatial extent of the land facet diversity layer used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.1.2 Land Facet Rarity 
The land facet rarity layer occupies 5% of the total WHSA’s area and is already 28% 
protected by the existing protected areas network (Table 20, Section 5.8). The land facet 
rarity layer is primarily found to occur in the low-elevation zone (43%) and in the high-
elevation zone characterized by rare abiotic attributes (38%), although a large proportion of 
this layer is also found within the mid-elevation zone (19%) within the WHSA (Fig. 6). A 
large clustering of rare land facets can be found outside of the existing protected areas 
network to the west of Dune Za Keyih Provincial Park in the North, bordering the Peace Arm 
of the Williston Reservoir in the central study area, along the western side of the Misinchinka 
ranges in the south, and between Monkman and Wapiti Lakes Provincial Parks. Large 
clusters of high land facet rarity also were found within Kakwa, Redfern-Keily, Kwadacha 





Figure 6. Spatial extent of the land facet rarity layer used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.3 Elevational Diversity  
The elevational diversity layer occupies 51% of the total WHSA’s area and is already 
26% protected by the existing protected areas network (Table 20, Section 5.8). The 
elevational diversity layer is distributed largely within the north and south regions of the of 
the western study area (Fig. 7). These areas exhibiting high elevational diversity were found 
to occur in mountainous terrain characterized by topographic heterogeneity. Despite the 
tendency for these data to occur in mountainous terrain, the elevational diversity layer 
captured a relatively representative sample of the elevation zones within the WHSA (26% = 
Low, 30% = Medium and 44% = High) (Fig. 7).  
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Figure 7. Spatial extent of the elevational diversity layer used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.4 Heat Load Index Diversity  
The heat load index diversity layer occupies 51% of the total WHSA’s area and is 
already 30% protected by the existing protected areas network (Table 20, Section 5.8). The 
heat load index diversity layer occurs in areas with high topographic heterogeneity relative to 
slope, aspect, and latitude. Accordingly, these areas have the highest diversity in their 
potential annual solar radiation. The heat load index diversity layer is distributed in a similar 
pattern to the elevational diversity layer, and largely within the north and south regions of the 
of the western study area (Fig. 8). The heat load index layer showed a clear pattern of greater 
occurrence in higher elevation zones (21% = Low, 30% = Medium and 49% = High) (Fig. 8).  
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Figure 8. Spatial extent of the heat load index diversity layer used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.5 Ecotypic Diversity  
The ecotypic diversity layer occupies 51% of the total WHSA’s area and is already 
11% protected by the existing protected areas network (Table 20, Section 5.8). The ecotypic 
diversity layer occurs in areas with the greatest diversity within ecological land units, 
comprised of unique combinations of topography, lithology, climate, and land cover data. 
The areas of highest ecotypic diversity occur in the mountainous terrain of the south 
west/central portions of the study area and in the northeastern region of the WHSA where the 
Boreal Plains meet the Rocky Mountain Foothills (Fig. 9). These areas exhibiting high 
ecotypic diversity capture a relatively even distribution of the elevation zones within the 
WHSA (32% = Low, 40% = Medium and 28% = High).  
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Figure 9. Spatial extent of the ecotypic diversity layer used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.6 Climatic Diversity  
The climatic diversity layer occupies 50% of the total WHSA’s area and is already 
13% protected by the existing protected areas network (Table 20, Section 5.8). The areas of 
highest climatic diversity occur along the western side of the Misinchinka ranges in the 
southwestern portion of the WHSA, along the Peace Arm of the Williston Reservoir in the 
central study area, and along the Muskwa Ranges in the northwestern portion of the WHSA 
(Fig. 10). These areas exhibiting high climatic diversity capture a relatively even distribution 
of the elevation zones within the WHSA (32% = Low, 37% = Medium and 31% = High).  
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Figure 10. Spatial extent of the climatic diversity layer used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.6 Forest Patterns and Processes  
The 14 forest pattern and process layers are grouped into three natural disturbance 
types (NDT) and described in Table 7. Although the 14 layers for mature/old and burned 
forest are displayed on the same map (Fig. 11), these layers were used as separate 
conservation features in all MARXAN-ILP scenarios. They were combined in Figure 11 for 
efficiency’s sake. Of the NDT type 1 categories; Engleman Spruce Subalpine Fir (ESSF) 
burned, ESSF mature/old, Interior Cedar Hemlock (ICH) burned and ICH mature/old cover 
approximately 0.2%, 12.2%, 0.04% and 0.32% of the WHSA and are already 21.2%, 8.18%, 
23.1% and 30.1% protected, respectively. Of the NDT type 2 categories; ESSF burned, ESSF 
mature/old, Sub-boreal Spruce (SBS) burned, SBS mature/old, SWB burned and SWB 
mature/old cover approximately 1.43%, 11.0%, 0.28%, 6.0%, 0.92% and 7.3% of the WHSA 
and are already 1.62%, 12.6%, 5.33%, 5.35%, 66.9%, and 26.5% protected, respectively. Of 
the NDT type 3 categories; Boreal White and Black Spruce (BWBS) burned, BWBS 
mature/old, SBS burned and SBS mature/old cover approximately 1.08%, 10.1%, 0.02% and 









Table 7. Spatial description for forest pattern and process layers in relation to the Wild Harts Study Area 
(WHSA). 
Conservation Feature* Distribution % WHSA % Protected 
NDT1-ESSF- 
Burned 
Poorly distributed and confined to mid-high 
elevation landscapes at the most southern 




Poorly distributed and confined to mid-high 
elevation landscapes at the most southern 




Occurs sporadically along the western 





Dominates the forested area on the western 





Primarily confined to the mid-lower 





Occurs at mid-elevation across the entire 
WHSA and is densely concentrated in 
sections that occur above the Peace Arm of 




Occurs sporadically throughout the central 




Occurs in low-elevation valley bottoms 





Comprised of a few large burned 





Occupies high-elevation valleys and 





Occupies low-elevation valleys and riparian 





Occupies low-elevation valleys and riparian 





Confined to riparian areas and watersheds 




Confined to riparian areas and watersheds 
in the northwestern quarter of the WHSA 
0.4 0.02 
   
* Natural disturbance types (NDT), Engleman Spruce Subalpine Fir (ESSF), Interior Cedar Hemlock (ICH), 
Sub-boreal Spruce (SBS), Spruce-Willow-Birch (SWB), Boreal White and Black Spruce (BWBS) 
**Below the area required to meet high biodiversity target described in Province of British Columbia (1995) 
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Figure 11. Spatial extent of all forest pattern and process layers used by MARXAN-ILP to prioritize lands for 
conservation in the Wild Harts Study Area (WHSA); inset represented by red frame (Curtis 2018). Layers are 
described in Table 7. 
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5.1.2 Fine-filter Conservation Features  
In an attempt to adapt conservation planning for climate change, I chose to 
complement the coarse-filter conservation features with additional fine-filter conservation 
features. I created an additional 17 layers showing the spatial extent and conservation value 
of select fine-filter conservation features across the WHSA.  
5.1.2.1 Grizzly Bear  
The grizzly bear layers, both suitability and capability, are evenly distributed across 
the WHSA, occupying 65% and 66% of the WHSA total area, respectively (Table 20, 
Section 5.8). Approximately 17% of each of these conservation features are protected by the 
existing protected areas network. These areas of high grizzly bear suitability and capability 
capture a representative sample of the elevation zones within the WHSA (approximately 23% 
= Low, 43% = Medium and 44%) (Fig. 12). As grizzly bear are a wide-ranging omnivore that 
utilizes a variety of habitat types, it is no surprise that their suitability and capability cover a 
wide distribution across the WHSA. Despite this, a large void exists in the grizzly bear 
habitat suitability and capability layers within the southeastern portion of the WHSA (Figs. 
12 and 13). This is likely a result of high levels of anthropogenic resource-related disturbance 
within that region of the WHSA which would disqualify these areas from being included in 
these layers due to their inability to accommodate the daily range of an adult female grizzly. 
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Figure 12. Spatial extent of the grizzly bear habitat suitability layer used by MARXAN-ILP to prioritize lands 
for conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
123
 
Figure 13. Spatial extent of the grizzly bear habitat capability layer used by MARXAN-ILP to prioritize lands 
for conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.2.2 Woodland Caribou 
Collectively, the woodland caribou habitat layers occupy 51% of the WHSA total 
area and are distributed across most of the planning region (Table 20 (Section 5.8) and Fig. 
14). The overall combined layer generally is confined to the higher-elevation alpine areas 
within the WHSA and is largely absent from valley bottoms. The habitat layers for the 12 
individual caribou herds are given in Table 8, which describes the elevation zones as equal 
areas within the WHSA.  Even though each individual herd occupies the higher elevation 
areas within their range, the table displays the elevation zone distribution of herds in relation 
to each other. Although the 12 herd layers are displayed on the same map for efficiency (Fig. 
14), these layers were used as separate conservation features in all MARXAN-ILP scenarios. 
Data voids exist in the upper-half of the WHSA’s southeastern quarter and the lower half of 
the northwestern quarter because herds have been extirpated from both areas (Fig. 14) 
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Figure 14. Spatial extent of the woodland caribou habitat layers used by MARXAN-ILP to prioritize lands for 





Table 8. Spatial description of caribou herd habitat layers in relation to the Wild Harts Study Area (WHSA). 
Caribou 
Herd 
% Elevation Zone %  
WHSA 
% 
Protected Low Med High 
Burnt Pine 0.0 49.8 50.2 0.3 0.0 
Finlay 16.1 23.8 60.1 8.3 1.1 
Gataga 18.9 19.5 61.7 3.4 25.1 
Graham 6.0 47.0 47.0 6.9 14.4 
Hart Ranges 9.7 39.9 50.4 7.9 15.6 
Kennedy 7.6 60.9 31.5 2.3 15.0 
Moberly 0.4 47.6 51.9 1.6 3.4 
Muskwa 0.0 2.0 98.0 2.0 95.4 
Narraway 28.1 29.7 42.2 6.1 19.2 
Pink Mountain 0.0 15.0 85.1 5.6 27.4 
Quintette 45.4 26.6 28.0 4.9 5.8 
Scott 0.7 58.7 40.6 1.9 0.4 
 
5.1.2.3 Fisher 
Although fishers are widespread over close to half of the province, the fisher habitat 
layer occupies only 11% of the total WHSA’s area and is 8% protected by the existing 
protected areas network (Table 20, Section 5.8). Within the WHSA, the fisher habitat layer is 
found in low-elevation valley bottoms flanking the mountainous terrain that characterizes the 
spine of the WHSA (Fig. 15). These fisher habitat areas demonstrate a disproportionate 
amount of fisher habitat in low-elevation zones within the WHSA (99% = Low, 1% = 
Medium and 0% = High).  
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Figure 15. Spatial extent of the fisher habitat layer used by MARXAN-ILP to prioritize lands for conservation 
in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.2.4 Bull Trout 
The bull trout habitat layer occupies approximately 44% of the planning region and is 
largely evenly distributed across the WHSA (Fig. 16). The existing protected areas network 
protects 19% of the bull trout habitat layer (Table 20, Section 5.8) and contains a 
representative sample of the majority of major watersheds and rivers within the WHSA. The 
bull trout habitat layer primarily occupies the low and mid-elevation zones within the WHSA 
(41% = Low, 32% = Medium and 27% = High). A large data void exists within a major 
drainage at the center of the northeast quarter of the WHSA (Fig. 16) representing the 
Sikanni Chief River headwaters. Within this area bull trout are absent because of a 
downstream obstacle (Sikanni Chief Falls) which is found outside of the WHSA. 
Furthermore, although the Peace Arm of the Williston Reservoir supports bull trout 
populations, it was excluded from the bull trout habitat layer because it is a manmade 
structure that represents sub-optimal habitat (Curtis, 2018). 
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Figure 16. Spatial extent of the bull trout habitat layer used by MARXAN-ILP to prioritize lands for 




5.1.2.5 Special Features 
The special features layer occupies approximately 4% of the WHSA total area and is 
currently 22% protected by the existing protected areas network in the planning region 
(Table 20, Section 5.8). Within this layer, karst deposits are found in narrow striations within 
the Rocky Mountain corridor and are most abundant in the mid-upper half of the planning 
region. Wetlands are evenly distributed across the WHSA and are concentrated in low-
elevation areas adjacent to streams. Mineral licks are randomly scattered within the WHSA. 
All three layers were combined into a single, homogenous, special features layer by Curtis 





Figure 17.  Spatial extent of the special features layer incorporating karst deposits, wetlands, and mineral licks 
used by MARXAN-ILP to prioritize lands for conservation in the Wild Harts Study Area (WHSA); inset 
represented by red frame. (Curtis, 2018) 
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5.1.3 Climate Change Conservation Features  
In addition to the protection of coarse and file-filter conservation features, I chose to 
include climate change conservation features as another approach to climate change-
conscious conservation. I created five climate change conservation layers to incorporate areas 
resilient to climate change, areas identified as important biotic refugia, and areas projected to 
experience novel climatic regimes in the future. 
5.1.3.1 Backward Velocity Refugia  
The backward velocity refugia potential layer occupies 51% of the total WHSA’s area 
and is already 23% protected by the existing protected areas network (Table 20, Section 5.8). 
The areas of highest backward velocity refugia occur in the northern half of the WHSA at the 
highest elevations of the mountainous terrain (Fig. 18). These areas exhibiting high backward 
velocity refugia potential demonstrate a clear association with elevation within the WHSA 
(19% = Low, 34% = Medium and 47% = High).  
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Figure 18. Spatial extent of the backward velocity refugia layer used by MARXAN-ILP to prioritize lands for 





5.1.3.2 Novel Climates  
Three novel climate layers were created for 2025, 2055 and 2085. The 2025, 2055 
and 2085 novel climate data layers occupy 1.8%, 20.7% and 74.9% of the total WHSA area, 
and are 2.2%, 21.2% and 17.8% currently protected, respectively (Table 20, Section 5.8). 
Novel climates are largely located within valley bottoms that may lack nearby climate 
analogs, resulting in longer migration distances to colonize these locally new habitat/climate 
conditions. In 2025, novel climates are restricted to low-elevation areas, largely to the 
southwest of Hudson’s Hope; by 2055 they spread to the majority of the valley bottoms on 
the eastern side of the WHSA and appear in some of the northwest and southwest quadrants 
of the WHSA; and by 2085 novel climates emerge across the vast majority of the WHSA 
with the exception of the area to the north of the Peace Arm of the Williston Reservoir along 
the western boarder of the WHSA (Figs. 19, 20 and 21). 
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Figure 19. Spatial extent of the 2025 North American (NA) novel climate layer used by MARXAN-ILP to 





Figure 20. Spatial extent of the 2055 North American (NA) novel climate layer used by MARXAN-ILP to 





Figure 21. Spatial extent of the 2085 North American (NA) novel climate layer used by MARXAN-ILP to 
prioritize lands for conservation in the Wild Harts Study Area (WHSA); inset represented by red frame. 
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5.1.3.2 Disappearing Climates / Biotic Refugia  
The biotic refugia layer occupies approximately 23% of the WHSA total area and is 
currently 40.7% protected by the existing protected areas network in the planning region 
(Table 20). The areas of biotic refugia are distributed along the mountainous spine of the 
WHSA (Fig. 22) and demonstrate a surprisingly strong association with elevation within the 






Figure 22. Spatial extent of the biotic refugia layer used by MARXAN-ILP to prioritize lands for conservation 




5.2 Representational Zones 
In addition to the MARXAN-ILP conservation features, I chose to incorporate certain 
representational zones in this SCP. Although these representational zones did not receive 
targets within MARXAN-ILP, their representational results were reviewed and considered in 
the assessment of each resulting MARXAN-ILP solution. The representational zones 
included in this SCP were ecoregional representativeness, elevational representativeness and 
biogeoclimatic representativeness.  
5.2.1 Ecoregional Representation  
The ecoregional representation zones within the WHSA are dominated by Central 
Canadian Rocky Mountains and Northern Canadian Rocky Mountains ecoregions with small 
portions of other ecoregions along the WHSA edges (Figure. 23). Of the 11 ecoregions 
present with the WHSA, four are less than 3% protected, seven are less than 10% protected, 
and four are more than 20% protected (Table. 9). 
Table 9.  Total protection levels of ecoregions found within the Wild Harts Study Area (WHSA) 
Ecoregion Name Ecoregion Total Area (Ha) Total Protected Area (Ha) % Protected 
Boreal Mountains and Plateaus 10,253,883.02 2,350,529.09 22.92 
Central Canadian Rocky 
Mountains 3,621,519.91 354,073.06 9.78 
Clear Hills Upland 4,425,357.41 86,205.15 1.95 
Eastern Continental Ranges 3,867,219.67 2,643,489.54 68.36 
Fraser Basin 4,537,833.95 154,710.68 3.41 
Muskwa Plateau 2,341,114.43 40,340.45 1.72 
Northern Canadian Rocky 
Mountains 3,675,061.11 1,156,214.05 31.46 
Omineca Mountains 3,415,912.42 278,180.98 8.14 
Peace Lowland 6,821,824.99 103,393.67 1.52 
Western Alberta Upland 7,450,532.73 88,907.94 1.19 
Western Continental Ranges 2,427,779.75 659,235.37 27.15 
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Figure 23. Spatial extent of the ecoregional representation layer used to assess MARXAN-ILP solutions in the 




5.2.2 Elevation Zone Representation  
The WHSA was divided into three equal area elevation zones; low (504-1168m), 
medium (1169-1498m) and high (1499-2820m). The high-elevation zone occupies the spine 
of the mountains that bisects the WHSA, the medium-elevation zone is found on the east and 
west sides of this mountain spine, and the low-elevation valleys and plains are found on the 
eastern and western boundaries of the WHSA (Table 10 and Fig. 22).  Each of these zones 
cover approximately 33.33% of the WHSA. A clear bias towards protection in high-elevation 
areas is noted as 29% of the high-elevation zone is currently protected, compared to 14% of 
the medium-elevation zone and only 10% of the low-elevation zone (Table. 10). The existing 
protected areas network within the WHSA is comprised of 55% high-elevation areas, 26% 
medium-elevation areas, and 19% low-elevation areas. 
Table 10. Protection within the Wild Harts Study Area (WHSA) by elevation zone. 
Elevation Zone % of WHSA % Protected 
High Elevation 33.33 28.83 
Medium Elevation 33.33 13.89 




Figure 24. Spatial extent of the elevation zone layers used to assess MARXAN-ILP solutions in the Wild Harts 





5.2.3 BEC Zone Representation  
In correspondence with projected increases in annual mean temperatures, frost-free 
days, growing degree-days and annual precipitation rates, Interior Cedar Hemlock (ICH) 
forests are projected to experience a large increase from less than 1% of the current WHSA 
to approximately 43% of the total area by the 2080s (Table 11 and Fig. 25). Currently absent, 
the CMA, CWH, IDF, MH, and MS BEC zones are projected to become established in small 
areas within the WHSA by the 2050s and 2080s. Figures 26, 27 and 28 display current BEC 
zones within the study area and projected BEC zones (as per Wang et al., 2016) for 2050 and 
2080. 
BEC zones including CMA, MH, and CWH are projected to become established in 
small pockets (>0% and <6% of the WHSA each) and are anticipated to receive a surprising 
amount of protection (65%, 43%, 25%, respectively). As the current protected areas network 
only covers approximately 17% of the total WHSA area, this suggests that these small 
pockets of locally novel BEC zones are biased toward establishment in protected areas. 
Conversely, the small pockets of IDF and MS forests are projected to become established in 
areas largely lacking protection with only 1% and 4% of their area being projected to occur 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 25. Current and Projected Biogeoclimatic (BEC) Zone Distribution Within the Wild Harts 







Figure 26. Spatial extent of the current BEC zone layers used to assess MARXAN-ILP solutions in the Wild 






Figure 27. Spatial extent of the 2050s BEC zone layers used to assess MARXAN-ILP solutions in the Wild 






Figure 28. Spatial extent of the 2080s BEC zone layer used to assess MARXAN-ILP solutions in the Wild Harts 






5.3 Climate Change and Connectivity as Supplemental Planning Information  
In addition to the MARXAN-ILP conservation features and representational zones, 
climate corridor data were used to provide insights into which areas may serve as important 
corridors for species tracking shifting climates. Within the WHSA, forward shortest-path 
centrality corridors, which represent the number of dispersal paths that overlap along the 
shortest paths from current (1981-2010 period) to future (2071-2100 period) climate 
locations, are prominent within the WHSA and run the length of the WHSA corridor with the 
exception of the northwest and southwest portions of the study area (Fig. 29). Backward 
shortest-path centrality corridors, which represent the number of dispersal paths that overlap 
from future to current climate analogs are more prominent in the northeastern portion of the 
WHSA, whereas the shortest-path centrality layer displays important connections between 
current and future locations of  climate types by or the net flow of dispersers through a site 





Figure 29. Spatial extent of the forward shortest path centrality layer used to assess MARXAN-ILP solutions in 







Figure 30. Spatial extent of the backward shortest path centrality layer used to assess MARXAN-ILP solutions 




5.4 Landscape Resistance and Connectivity  
 The landscape resistance/permeability analysis covers 100% of the WHSA and 
displays landscape resistance as determined by land cover, slope, anthropogenic disturbance 
and caribou avoidance buffers. High landscape resistance areas occupy the landscapes to the 
east and west of the WHSA and permeate into the WHSA along low-elevation valleys 
characterized by low to medium slopes. These areas of low topographic resistance are 
characterized by high resistances due to compounding anthropogenic disturbances such as 
roads, powerlines, transmission lines and pipelines. The high landscape resistance values are 
found in the southeastern quarter of the WHSA, where numerous anthropogenic disturbances 
associated with natural resources extraction are most dense. While high landscape resistance 
values are widespread in the WHSA, a large area of low landscape resistance/disturbance 
occupies the northern half of the WHSA and funnels into a band of low resistance that 






Figure 31. Spatial extent of landscape resistance layer used to create the landscape connectivity model for the 
Wild Harts Study Area (WHSA). 
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The landscape connectivity layer created using the landscape resistance/permeability 
data can be interpreted as movement probabilities of organisms between protected areas in 
the broader Peace River Break which encompasses the WHSA (Fig. 32). The results show 
measures of current (potential movement of organisms) and resistance (potential opposition 
to movement) between habitat patches which can be interpreted as movement probabilities of 
organisms across a landscape. Sparse and narrow corridors of high movement probability 
occur to the west and east outside of the WHSA, with the majority of the high probability 
movement corridor areas occurring within the WHSA. The narrow corridors that connect 
protected areas outside the WHSA connect with a wider movement corridor that runs the 
length of the WHSA in a northwest-southeast line. Within the WHSA, corridors of high 
movement probability are largely absent in the southeastern quarter of the WHSA, where 
compounding anthropogenic disturbances result in high landscape resistances, and are wide 





Figure 32. Spatial extent of the landscape connectivity layer used to assess MARXAN-ILP solutions in the Wild 
Harts Study Area (WHSA). 
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5.5 Cost Surface  
One cost surface was developed and used to apply varying constraints on the 
MARXAN-ILP tool while identifying high-value conservation lands within a landscape of 
varying intensities of anthropogenic disturbances. 
The cost surface layer occupies 40% of the WHSA total area. The cost layer occurs 
primarily in the southern half of the WHSA where population centers source natural resource 
extraction sites. Within the southern half of the WHSA, the majority of the cost surface and 
the highest penalties are located in the eastern quarter which contains extensive resource 
development (Fig. 33). In the western portions of the WHSA, the cost layer is located within 
valleys and river bottoms that provide road, transmission line and pipeline access within an 
otherwise largely impassible mountainous landscape (Fig. 33). Despite the widespread 
disturbance in the WHSA, a relatively intact band of non-to-lightly disturbed landscapes 
forms a northwest-southeast line down the mountainous center of the WHSA (Fig. 33).  
158
 






5.6 Gap Analysis  
The representation of conservation features within the existing protected areas 
network in the WHSA was highly variable (Table 12). Currently biodiversity conservation 
features that were well represented (>50%) within protected areas in the WHSA included the 
Muskwa Caribou Herd and recently burned areas within the Spruce-Willow-Birch 
biogeoclimatic zone, natural disturbance type 2 (NDT2-SWB-Burned). The majority of the 
current biodiversity conservation features had mid-to-low levels of representation within the 
existing protected areas network (5–50%). Current biodiversity conservations with little-to-
no representation (<1%) include the Burnt Pine Caribou Herd, Scott Caribou Herd, and the 
Sub-boreal Spruce biogeoclimatic zone and natural disturbance type 3 containing late-seral 
or recently burned stands (NDT3-SBS-Mature/Old & NDT3-SBS-Burned). None of the 
future biodiversity conservation features were well represented (>50%) within protected 
areas in the WHSA. All of the future biodiversity conservation features had mid-to-low 
levels of representation within the existing protected areas network (5–50%) with the 







Table 12. Representation of current biodiversity conservation features achieved by existing protected areas in 
the Wild Harts Study Area (WHSA). 
Conservation Feature % of WHSA % Protected 
Grizzly Habitat Capability 66 17 
Grizzly Habitat Suitability 65 18 
Burnt Pine Caribou Herd 0 0 
Finlay Caribou Herd 1 1 
Gataga Caribou Herd 6 25 
Graham  Caribou Herd 6 14 
Hart Ranges  Caribou Herd 7 16 
Kennedy  Caribou Herd 2 15 
Moberly Caribou Herd 0 3 
Muskwa Caribou Herd 11 95 
Narraway Caribou Herd 7 19 
Pink Mountain Caribou Herd 9 27 
Quintette Caribou Herd 2 6 
Scott Caribou Herd 0 0 
Fisher 11 8 
Bull Trout 47 19 
Special Features 5 22 
NDT1-ESSF-Burned 0 22 
NDT1-ESSF-Mature/Old 12 8 
NDT1-ICH-Burned 0 23 
NDT1-ICH-Mature/Old 0 30 
NDT2-ESSF-Burned 1 2 
NDT2-ESSF-Mature/Old 11 13 
NDT2-SBS-Burned 0 5 
NDT2-SBS-Mature/Old 6 5 
NDT2-SWB-Burned 1 67 
NDT2-SWB-Mature/Old 7 26 
NDT3-BWBS-Burned 1 24 
NDT3-BWBS-Mature/Old 10 10 
NDT3-SBS-Burned 0 0 
NDT3-SBS-Mature/Old 0 1 
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Table 13. Representation of future biodiversity conservation features achieved by existing protected areas in the 
Wild Harts Study Area (WHSA). 
Conservation Feature % of WHSA % Protected 
Climatic Diversity 50 13 
Ecotypic Diversity 51 11 
Elevation Diversity 51 26 
Heat Load Index Diversity 51 30 
Land Facet Diversity 50 16 
Land Facet Rarity 5 28 
Biotic Refugia 23 41 
Backwards Velocity 
Refugia 51 23 
Novel Climates 2025 2 2 
Novel Climates 2055 21 21 
Novel Climates 2085 75 18 
 
5.7 MARXAN-ILP Scenario Outputs  
The following sections describe the results of the three MARXAN-ILP scenarios 
developed to prioritize high-value areas for conservation in the WHSA. For each of the three 
scenarios, MARXAN-ILP produced a solution by selecting those planning units that met 
conservation targets, had the highest individual and cumulative conservation value and the 
lowest cost.  
5.7.1 Scenario A – Current Conservation Features 
Scenario A’s solution covers approximately 68% of the WHSA’s total area. The 
solution highlights a corridor of high conservation value lands that stretch from the southwest 
of the planning region to Northern Rocky Mountains Provincial Park in the northeast (Fig. 
34). In the bottom half of the WHSA, below the Peace Arm, the solution is largely 
concentrated to the western side of the Rocky Mountains (Fig. 34). Conversely, north of the 
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Peace Arm, the solution curves to the eastern portion of the Rocky Mountains around 
Graham Laurier Provincial Park (Fig. 34), then back to the western side of Redfern-Keily 
Provincial Park before occupying the majority of the northern portion of the top of the 
WHSA.  
Solution A is largely absent on the eastern boundary below Hudson’s Hope down to 
Monkman Provincial Park where numerous natural resource developments overlap in the 
Tumbler Ridge area (Fig. 34). This area also lacks the woodland caribou conservation feature 
and thus, was likely not selected because of its high cost, lack of conservation features, and 
the ability to meet targets in alternative areas within the WHSA. A similar yet less drastic 
void in Solution A is visible along the western boundary of the WHSA north of the Peace 
Arm (Fig. 34). As this area contains low to no cost, a lack of conservation features or lower 
individual conservation values likely encouraged the model to meet target conservation 
features with complementarity elsewhere. 
Figure 34 displays the number of conservation features captured per planning unit. 
The maximum number of overlapping conservation features that Solution A was able to 
capture was 14. The highest values are located in the northeast, south of Kwadacha and the 
Northern Rocky Mountains Provincial Parks, and east of Redfern-Keily Provincial Park. 
High values also occur south of the Peace Arm along the western border of the WHSA. 
Figure 33 demonstrates that this pattern occurred when targeting current biodiversity features 
only, future biodiversity values only, as well as all conservation features combined. 
Solution A was successful in achieving targets for both current and future biodiversity 
(Table 14) and selected those planning units with the highest individual current biodiversity 
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values and collective values. In doing so, the scenario resulted in a solution with a clear bias 
toward high-elevation areas with 85%, 67% and 53% of the high, medium, and low-elevation 
zones being captured, respectively. Solution A adequately (obtaining at least 50% of the 
existing BEC zones) represents all the BEC zones within the WHSA with the exception of 
the current SBS distribution (48%) and the 2050’s IDF distribution (13%) (Table 14).
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Figure 34. Scenario A solution; 1: binary solution results; 2: total number of conservation features captured; 3: 
total # of current conservation features captured; 4: total # of future conservation features captured. 
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Table 14. Scenario A: Current biodiversity features, their current rate of protection (%), desired protection 
target (%), additional area required to achieve the desired target (%), as well as the additional area (%) acquired 
by and total percent captured by the MARXAN-ILP analysis solution in the Wild Harts Study Area (WHSA). 
 
 
Conservation Feature % of WHSA % Protected % Target Additional % Needed Additional % Acquired % Captured
Grizzly Habitat Capability 66 17 60 43 61 78
Grizzly Habitat Suitability 65 18 60 42 61 79
Burnt Pine Caribou Herd 0 0 90 90 90 90
Finlay Caribou Herd 1 1 90 89 89 90
Gataga Caribou Herd 6 25 90 65 65 90
Graham Caribou Herd 6 14 90 76 76 90
Hart Ranges Caribou Herd 7 16 90 74 74 90
Kennedy Caribou Herd 2 15 90 75 75 90
Moberly Caribou Herd 0 3 90 87 87 90
Muskwa Caribou Herd 11 95 90 0 0 95
Narraway Caribou Herd 7 19 90 71 71 90
Pink Mountain Caribou Herd 9 27 90 63 63 90
Quintette Caribou Herd 2 6 90 84 84 90
Scott Caribou Herd 0 0 90 90 90 90
Fisher 11 8 60 52 52 60
Bull Trout 47 19 60 41 48 67
Special_Features 5 22 60 38 48 70
NDT1-ESSF-Burned 0 22 100 78 78 100
NDT1-ESSF-Mature/Old 12 8 74 66 66 74
NDT1-ICH-Burned 0 23 100 77 77 100
NDT1-ICH-Mature/Old 0 30 75 45 45 75
NDT2-ESSF-Burned 1 2 100 98 98 100
NDT2-ESSF-Mature/Old 11 13 75 62 62 75
NDT2-SBS-Burned 0 5 100 95 95 100
NDT2-SBS-Mature/Old 6 5 66 61 61 66
NDT2-SWB-Burned 1 67 100 33 33 100
NDT2-SWB-Mature/Old 7 26 83 57 57 83
NDT3-BWBS-Burned 1 24 100 76 76 100
NDT3-BWBS-Mature/Old 10 10 46 36 47 57
NDT3-SBS-Burned 0 0 100 100 100 100
NDT3-SBS-Mature/Old 0 1 76 75 75 76
Climatic Diversity 50 13 - NA 54 67
Ecotypic Diversity 51 11 - NA 55 67
Elevation Diversity 51 26 - NA 49 75
Heat Load Index Diversity 51 30 - NA 50 79
Land Facet Diversity 50 16 - NA 49 65
Land Facet Rarity 5 28 - NA 38 67
Biotic Refugia 23 41 - NA 49 90
Backwards Velocity Refugia 51 23 - NA 52 75
Novel Climates 2025 2 2 - NA 29 31
Novel Climates 2055 21 21 - NA 42 64
Novel Climates 2085 75 18 - NA 49 67
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5.7.2 Scenario B - Future Conservation Features 
Scenario B’s solution covers approximately 65% of the WHSA’s total area. The 
solution followed the same observable pattern as Solution A but with a more condensed 
spatial distribution (Fig. 35). Solution B highlights a corridor of high conservation lands that 
stretch from the southwest of the planning region to Northern Rocky Mountains Provincial 
Park in the northeast (Fig. 35). South of the Peace Arm, the solution is largely concentrated 
to the western side of the Rocky Mountains (Fig. 35) whereas north of the Peace Arm, the 
solution broadens to the mid and eastern portions of the WHSA until Redfern-Keily 
Provincial Park, after which the solution occupies the full northern extent of the study area. 
Similar to Solution A, Solution B is also largely absent on the eastern boundary of the 
WHSA from Graham-Laurier Provincial Park down to the Kakwa Provincial Park (Fig. 35). 
As mentioned prior, this area contains the highest costs within the WHSA. Despite high 
costs, the drastic avoidance of this area in Solution B when compared with Solution A is 
largely the result of the spatial trend for the future biodiversity conservation features. These 
conservation features demonstrate a clear spatial pattern favouring the topographic 
heterogeneity along the mountain ranges in the WHSA. As the planning cells along the 
mountain ranges had both the highest individual conservation feature values as well as the 
most overlap between conservation features, these planning units were evidently 
preferentially selected. Similarly, a patch of unselected land, or void, in Solution B is 
apparent along the western boundary of the WHSA north of the Peace Arm (Fig. 35). As this 
area contains low to no cost, a lack of future conservation features, or lower individual 
conservation values, likely encouraged the model to meet target conservation features with 
complementarity elsewhere. 
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Figure 35 displays the number of conservation features captured per planning unit. 
The maximum number of overlapping conservation features that Solution B was able to 
capture was 14. As in Solution A, the highest values are located in the northeast, south of 
Kwadacha and the Northern Rocky Mountains Provincial Parks, and east of Redfern-Keily 
Provincial Park. High values also occur south of the Peace Arm along the western border of 
the WHSA.  
Solution B was successful in achieving targets for future biodiversity and selected 
those planning units with the highest individual and collective values. However, it was not 
successful in achieving current biodiversity targets (Table 15). Scenario B resulted in a 
solution with an even stronger bias toward high-elevation areas than Solution A, with 87%, 
66% and 41% of the high-, medium-, and low-elevation zones being captured, respectively. 
Solution B was also less successful at adequately (obtaining at least 50% of the 
representational BEC zones) representing all the BEC zones within the WHSA with the 
current BWBS (33%) and SBS (41%), 2050’s BWBS (45%) and SBS (49%), as well as the 




Figure 35. Scenario B solution; 1: binary solution results; 2: total number of conservation features captured; 3: 
total # of current conservation features captured; 4: total # of future conservation features captured. 
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Table 15. Scenario B: Future biodiversity features, their current rate of protection (%), desired protection target 
(%), additional area required to achieve the desired target (%), as well as the additional area (%) acquired by 
and total percent captured by the MARXAN-ILP analysis solution in the Wild Harts Study Area (WHSA). 
 
Conservation Feature % of WHSA % Protected % Target Additional % Needed Additional % Acquired % Captured
Grizzly Habitat Capability 66 17 - 43 59 77
Grizzly Habitat Suitability 65 18 - 42 60 77
Burnt Pine Caribou Herd 0 0 - 90 33 33
Finlay Caribou Herd 1 1 - 89 80 82
Gataga Caribou Herd 6 25 - 65 69 94
Graham Caribou Herd 6 14 - 76 52 66
Hart Ranges Caribou Herd 7 16 - 74 78 94
Kennedy Caribou Herd 2 15 - 75 67 82
Moberly Caribou Herd 0 3 - 87 61 64
Muskwa Caribou Herd 11 95 - 0 5 100
Narraway Caribou Herd 7 19 - 71 38 57
Pink Mountain Caribou Herd 9 27 - 63 61 88
Quintette Caribou Herd 2 6 - 84 19 25
Scott Caribou Herd 0 0 - 90 74 74
Fisher 11 8 - 52 29 37
Bull Trout 47 19 - 41 44 62
Special_Features 5 22 - 38 47 70
NDT1-ESSF-Burned 0 22 - 78 48 70
NDT1-ESSF-Mature/Old 12 8 - 66 66 74
NDT1-ICH-Burned 0 23 - 77 73 96
NDT1-ICH-Mature/Old 0 30 - 45 54 84
NDT2-ESSF-Burned 1 2 - 98 47 49
NDT2-ESSF-Mature/Old 11 13 - 62 45 58
NDT2-SBS-Burned 0 5 - 95 28 34
NDT2-SBS-Mature/Old 6 5 - 61 38 43
NDT2-SWB-Burned 1 67 - 33 27 94
NDT2-SWB-Mature/Old 7 26 - 57 59 86
NDT3-BWBS-Burned 1 24 - 76 32 56
NDT3-BWBS-Mature/Old 10 10 - 36 24 34
NDT3-SBS-Burned 0 0 - 100 53 53
NDT3-SBS-Mature/Old 0 1 - 75 28 29
Climatic Diversity 50 13 67 54 55 68
Ecotypic Diversity 51 11 67 55 55 67
Elevation Diversity 51 26 75 49 50 76
Heat Load Index Diversity 51 30 79 50 52 81
Land Facet Diversity 50 16 65 49 49 65
Land Facet Rarity 5 28 67 38 43 71
Biotic Refugia 23 41 90 49 51 92
Backwards Velocity Refugia 51 23 75 52 52 75
Novel Climates 2025 2 2 31 29 35 37
Novel Climates 2055 21 21 64 42 42 64
Novel Climates 2085 75 18 67 49 49 67
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5.7.3 Scenario C – Current and Future Conservation Features 
Scenario C’s solution covers approximately 68% of the WHSA’s total area – the 
same amount of area as Solution A. Solution C followed the same observable pattern as 
Solution A but with a few differences (Figs. 34 and 36). Similar to Solution A, Solution C is 
spatially distributed along a corridor of high conservation value lands that stretch from the 
southwest of the planning region to Northern Rocky Mountains Provincial Park in the 
northeast (Fig. 36). In the bottom half of the WHSA, below the Peace Arm, the solution is 
largely concentrated to the western side of the Rocky Mountains, whereas north of the Peace 
Arm, the solution curves to the western border of the WHSA before occupying the majority 
of the northern portion of the top of the WHSA (Fig. 36). 
Similar to Solutions A and B, Solution C is largely absent from on the eastern 
boundary below Hudson’s Hope down to Monkman Provincial Park where numerous natural 
resource developments overlap in the Tumbler Ridge area (Figs. 34, 35 and 36). A similar yet 
less drastic void in Solution C is visible along the western boundary of the WHSA north of 
the Peace Arm (Fig. 36).  
Figure 36 displays the number of conservation features captured per planning unit. 
The maximum number of overlapping conservation features that Solution C was able to 
capture was 14. The same planning units with the highest values located in the northeast, 
south of Kwadacha and the Northern Rocky Mountains Provincial Parks, and east of 
Redfern-Keily Provincial Park that were selected by Scenarios A and B were also selected by 
Scenario C. High values areas were also selected south of the Peace Arm along the western 
border of the WHSA.  
171
Solution C was successful in achieving targets for both current and future biodiversity 
(Table 16) and selected those planning units with the highest individual and collective values, 
taking into consideration both current and future biodiversity conservation feature values. 
Scenario C resulted in a solution with a clear bias toward high-elevation areas with 85%, 
67% and 53% of the high, medium, and low-elevation zones being captured, respectively. 
Solution C adequately (obtaining at least 50% of the existing BEC zones) represents all the 
BEC zones within the WHSA with the exception of the current SBS distribution (49%) and 




Figure 36. Scenario C solution; 1: binary solution results; 2: total number of conservation features captured; 3: 
total # of current conservation features captured; 4: total # of future conservation features captured.
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Table 16. Scenario C: Current and future biodiversity features, their current rate of protection (%), desired 
protection target (%), additional area required to achieve the desired target (%), as well as the additional area 




Conservation Feature % of WHSA % Protected % Target Additional % Needed Additional % Acquired % Captured
Grizzly Habitat Capability 66 17 60 43 60 77
Grizzly Habitat Suitability 65 18 60 42 60 78
Burnt Pine Caribou Herd 0 0 90 90 90 90
Finlay Caribou Herd 1 1 90 89 89 90
Gataga Caribou Herd 6 25 90 65 65 90
Graham Caribou Herd 6 14 90 76 76 90
Hart Ranges Caribou Herd 7 16 90 74 74 90
Kennedy Caribou Herd 2 15 90 75 75 90
Moberly Caribou Herd 0 3 90 87 87 90
Muskwa Caribou Herd 11 95 90 0 0 95
Narraway Caribou Herd 7 19 90 71 71 90
Pink Mountain Caribou Herd 9 27 90 63 63 90
Quintette Caribou Herd 2 6 90 84 84 90
Scott Caribou Herd 0 0 90 90 90 90
Fisher 11 8 60 52 52 60
Bull Trout 47 19 60 41 48 67
Special_Features 5 22 60 38 51 73
NDT1-ESSF-Burned 0 22 100 78 78 100
NDT1-ESSF-Mature/Old 12 8 74 66 66 74
NDT1-ICH-Burned 0 23 100 77 77 100
NDT1-ICH-Mature/Old 0 30 75 45 60 90
NDT2-ESSF-Burned 1 2 100 98 98 100
NDT2-ESSF-Mature/Old 11 13 75 62 62 75
NDT2-SBS-Burned 0 5 100 95 95 100
NDT2-SBS-Mature/Old 6 5 66 61 61 66
NDT2-SWB-Burned 1 67 100 33 33 100
NDT2-SWB-Mature/Old 7 26 83 57 57 83
NDT3-BWBS-Burned 1 24 100 76 76 100
NDT3-BWBS-Mature/Old 10 10 46 36 46 55
NDT3-SBS-Burned 0 0 100 100 100 100
NDT3-SBS-Mature/Old 0 1 76 75 75 76
Climatic Diversity 50 13 67 54 55 68
Ecotypic Diversity 51 11 67 55 55 67
Elevation Diversity 51 26 75 49 49 75
Heat Load Index Diversity 51 30 79 50 50 79
Land Facet Diversity 50 16 65 49 50 66
Land Facet Rarity 5 28 67 38 40 69
Biotic Refugia 23 41 90 49 49 90
Backwards Velovity Refugia 51 23 75 52 53 76
Novel Climates 2025 2 2 31 29 29 31
Novel Climates 2055 21 21 64 42 42 64
Novel Climates 2085 75 18 67 49 49 67
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5.7.4 Scenario Comparison 
In all three solutions, a noticeable spatial pattern exists along a corridor of selected 
lands that stretches from the southwestern extent of the WHSA to Northern Rocky 
Mountains Provincial Park in the northeast (Fig. 37). Below the Peace Arm, the selections 
are largely concentrated to the western half of the Rocky Mountains. Conversely, north of the 
Peace Arm, the solutions curves to the eastern portion of the Rocky Mountains around 
Graham Laurier Provincial Park then back to the western side of Redfern-Keily Provincial 
Park before occupying the majority of the northern portion of the top of the WHSA. The 
solutions are largely absent from the eastern boundary below Hudson’s Hope down to 
Monkman Provincial Park and along the western boundary of the WHSA north of the Peace 
Arm. (Fig. 37).  
While Solution A required 68% of the WHSA to be selected to achieve conservation 
targets for current biodiversity, Solution B only required 65% of the WHSA to meet its 
targets for future biodiversity (Table 17). Accordingly, an additional 3% of the WHSA’s total 
area is required to meet current biodiversity targets. Of particular note is that Solution A was 
capable of adequately representing future biodiversity conservation features whereas 
Solution B was not able to adequately represent the current biodiversity features (Table 17). 
When Solution A and Solution B were merged, their combined area overlaps by 61%. 
Seventy-three percent of Solution A was also captured by solution B. Conversely, 79% of 
Solution B was also captured by Solution A.  
Solution C was successful in achieving targets for both current and future biodiversity 
(Table 17) and selected the same amount of area (68% of the WHSA) as Solution A. 
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Accordingly, Solution C required no additional area associated with cost. Although Solutions 
A and C achieved the exact same targets, Solution C was able to make a “smarter” solution 
by selecting those planning units with the highest individual and collective values, taking into 
consideration both current and future biodiversity conservation feature values. In doing so, 
Scenario C was forced to make compromises and weigh the cost of current and future 
biodiversity values in each planning unit to select planning units that were the most 
complementary for all of the conservation features. Consequently, Solution C forfeited 
certain planning units that were captured in Solution A in order to select certain areas that 
contained higher overall scores. When Solution A and Solution C are merged, their combined 
area overlaps by 93%. Ninety-six percent of Solution A was also captured by Solution C and 
vice versa.  
Figure 38 displays the discrepancies between Solutions A and C. Low-elevation 
valleys between the Northern Rocky Mountains and Graham-Laurier Provincial Parks that 
were selected in Solution A were forfeited by Solution C and replaced with mid-elevation 
patches between Redfern-Keily and Graham-Laurier Provincial Parks. Similarly, small 
patches of planning cells to the north and south of the Peace Arm were forfeited and replaced 
by alternative planning cells with higher overall scores when both current and future 
biodiversity feature values were taken into consideration.  
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Figure 37. Solution comparison; 1: Scenario A solution; 2: Scenario B solution; 3: Scenario C solution; 4: 
comparison of solution A and C 
177
 
Figure 38. Comparison of the spatial distributions of Scenario A and C’s solutions. 
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Table 17. Comparison of the desired conservation feature target (% of conservation feature acquired by a 
solution) and actual amount (%) achieved by Scenario A, B, and C’s MARXAN-ILP solutions. 
%Target % Captured % Target % Captured % Target % Captured
Grizzly Habitat Capability 60 78 - 77 60 77
Grizzly Habitat Suitability 60 79 - 77 60 78
Burnt Pine Caribou Herd 90 90 - 33 90 90
Finlay Caribou Herd 90 90 - 82 90 90
Gataga Caribou Herd 90 90 - 94 90 90
Graham Caribou Herd 90 90 - 66 90 90
Hart Ranges Caribou Herd 90 90 - 94 90 90
Kennedy Caribou Herd 90 90 - 82 90 90
Moberly Caribou Herd 90 90 - 64 90 90
Muskwa Caribou Herd 90 95 - 100 90 95
Narraway Caribou Herd 90 90 - 57 90 90
Pink Mountain Caribou Herd 90 90 - 88 90 90
Quintette Caribou Herd 90 90 - 25 90 90
Scott Caribou Herd 90 90 - 74 90 90
Fisher 60 60 - 37 60 60
Bull Trout 60 67 - 62 60 67
Special_Features 60 70 - 70 60 73
NDT1-ESSF-Burned 100 100 - 70 100 100
NDT1-ESSF-Mature/Old 74 74 - 74 74 74
NDT1-ICH-Burned 100 100 - 96 100 100
NDT1-ICH-Mature/Old 75 75 - 84 75 90
NDT2-ESSF-Burned 100 100 - 49 100 100
NDT2-ESSF-Mature/Old 75 75 - 58 75 75
NDT2-SBS-Burned 100 100 - 34 100 100
NDT2-SBS-Mature/Old 66 66 - 43 66 66
NDT2-SWB-Burned 100 100 - 94 100 100
NDT2-SWB-Mature/Old 83 83 - 86 83 83
NDT3-BWBS-Burned 100 100 - 56 100 100
NDT3-BWBS-Mature/Old 46 57 - 34 46 55
NDT3-SBS-Burned 100 100 - 53 100 100
NDT3-SBS-Mature/Old 76 76 - 29 76 76
Climatic Diversity - 67 67 68 67 68
Ecotypic Diversity - 67 67 67 67 67
Elevation Diversity - 75 75 76 75 75
Heat Load Index Diversity - 79 79 81 79 79
Land Facet Diversity - 65 65 65 65 66
Land Facet Rarity - 67 67 71 67 69
Biotic Refugia - 90 90 92 90 90
Backwards Velocity Refugia - 75 75 75 75 76
Novel Climates 2025 - 31 31 37 31 31
Novel Climates 2055 - 64 64 64 64 64






Scenario A Scenario B
64.82%
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5.7.5 Representational Zones and Supplemental Planning Information 
To assess how effective the proposed MARXAN solutions/ protected area portfolios were 
at adequately representing the breadth of habitats within the WHSA, representational zones were 
compared with the final scenario solutions. The extent to which the three scenario solutions 
captured the distribution and shifting of BEC zones is given in Table 18. When compared with 
the current distribution of biogeoclimatic zones, Scenarios A and C capture adequate (at least 
50%) representation of six out of the seven existing BEC zones within the WHSA with neither 
solution capturing adequate representation of SBS forests. Scenario B captured adequate 
representation of five of the seven BEC zones and inadequate representation of BWBS and SBS 
forests. When compared with the projected 2050s distribution of BEC zones, Scenarios A and C 
were able to capture adequate representation of 10 out of the 11 projected BEC zones within the 
WHSA with neither solution capturing adequate representation of IDF forests. Scenario B 
captured adequate representation of eight of the 11 BEC zones and inadequate representation of 
BWBS and SBS forests and no representation of IDF forests. When compared with the projected 
2080s distribution of BEC zones, Scenarios A and C were able to capture adequate 
representation of all of the projected BEC zones within the WHSA whereas Scenario B captured 




































































































































































































































































































































































































































































To assess the elevational representation of the existing protected areas network and 
MARXAN-ILP solutions I included three equal area (low, medium and high) elevation zones 
as representational zones. The extent to which the current protected areas network and three 
scenario solutions captured the distribution of elevation zones is given in Table 19. 
The existing protected areas within the WHSA captured 29% of the high-elevation 
zone, 14% on the mid-elevation zone and 10% of the low-elevation zone. A similar trend of 
high protection in high-elevation zones and low protection in low-elevation zones occurred in 
all three solutions. Solution A captured 85% of the high-elevation zone, 67% of the mid-
elevation zone and 53% of the low-elevation zone. Solution B captured 87% of the high-
elevation zone, 66% of the mid-elevation zone and 41% of the low-elevation zone. Lastly, 
Solution C captured 85% of the high-elevation zone, 67% of the mid-elevation zone and 53% 
of the low-elevation zone.  
Table 19. Rates of elevation zone protection (%) within the Wild Harts Study Area achieved by existing 
protected areas and solutions for Scenarios A, B, and C. 
Elevation Zone % of WHSA % Protected Scenario A Scenario B Scenario C 
High Elevation 33 29 85 87 85 
Medium Elevation 33 14 67 66 67 
Low Elevation 33 10 53 41 53 
 
Landscape connectivity was superimposed on the final solution (C) to assess the 
connectivity value of those planning units selected for conservation prioritization. Figure 39 
illustrates the overlap between lands selected for conservation prioritization in the CCC-SCP 
Scenario C and the landscape connectivity corridors identified within the WHSA. Lands 
selected for conservation prioritization in Solution C as important landscape connectivity 
corridors are shown in a vibrant scale from green (high connectivity value) to red (lower 
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connectivity value). Lands identified as important landscape connectivity corridors but not 
selected for conservation prioritization are displayed similarly but in a lighter opaque 
manner.  Lands selected for conservation prioritization but not identified as important 
connectivity corridors are shown in blue.  
The vast majority of the lands selected for conservation prioritization also contain 
high value for landscape level connectivity. A noticeable pattern of planning units that were 
selected by Scenario C that also contain high landscape connectivity value can be observed 
along the mountainous terrain that forms the spine of the WHSA. Conversely, three distinct 
areas in the southeastern quadrant of the WHSA were not identified as having high 
connectivity value or conservation value (were not selected by Solution C). These areas 
closely overlap areas with the highest cost. Lastly, a large aggregation of planning units in 








5.8 Conservation Feature Complementarity 
MARXAN-ILP’s selection algorithm uses complementarity as a measure of the 
extent to which a planning unit, or set of planning units, contributes to unrepresented 
features. Accordingly, an area with high complementarity may not necessarily have the most 
overlapping conservation features or the highest conservation feature values. An area that 
contributes only a few conservation features that are not widely represented in the landscape 
could have an extremely high complementarity value.  
The final solutions created by a MARXAN-ILP analysis all demonstrate 
complementarity though achieving the targets set in the most efficient configuration possible. 
Table 20 displays the results of a complementarity analysis – the percent that each individual 
conservation feature is able to capture each other individual conservation feature. For 
example, the biotic refugia conservation feature represents only 21% and 22% of grizzly bear 
suitability and capability features respectively, whereas the backward velocity refugia feature 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Anthropogenically induced global warming and climate change is currently one of the 
most serious threats to biodiversity, yet few conservation planning initiatives have 
endeavored to explicitly include a climate change lens in an attempt to mitigate the effects of 
climate change on biodiversity. Although the SCP framework, arguably the most effective 
approach for designing protected areas networks (Pressey et al., 2007), has been refined and 
improved over time, no existing versions have attempted to explicitly incorporate a climate 
change lens with the goal of pre-emptively planning for future climate conditions and climate 
change impacts. While opportunities to improve the SCP framework through the 
incorporation of climate change information are vast, highly desirable, and achievable, the 
inclusion of such complex variables presents many challenges that have deterred such 
endeavors.  
Reliable climate change data has only recently become readily available and 
comprehensive instructions for working with and understanding the data have yet to be 
developed. When coupled with the challenges of determining if, how and what climate 
change data should be incorporated into the SCP framework, a process already criticized for 
its inherent complexity, endeavors to perform a climate change-conscious SCP may seem an 
insurmountable task beyond the realm of most conservation planners. Despite the limitations 
imposed by a high degree of complexity and uncertainty, climate change-adaptation 
strategies should serve as an integral component of the SCP framework. Accordingly, this 
research project was undertaken to identify practical methods for the effective incorporation 
of climate change metrics in the SCP framework which could be used to help guide 
conservation planners. 
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The purpose of this research project was twofold: to develop a method to sharpen the 
focus of the SCP framework through the explicit incorporation of a climate change lens, and 
to apply and test the efficacy of the newly developed climate change-conscious systematic 
conservation planning (CCC-SCP) methodology in the Wild Harts Study Area (WHSA), 
located in northeastern British Columbia’s Rocky Mountain Cordillera. In doing so, a 
methodology was developed that can be used to guide future conservation planning 
initiatives. In application, lands were identified and prioritized for conservation within the 
WHSA that collectively function as a protected areas network that meets targets for 
connectivity, size and representativeness, as well as promotes climate change-resiliency in 
the region. 
The WHSA serves as an integral component of the Y2Y corridor, a landscape level 
corridor of great current and future ecological importance, which encompasses the 
ecologically connected landscapes from the greater Yellowstone ecosystem to the Yukon’s 
Peel River watershed. The WHSA represents the narrowest portion of the intact and 
ecologically functioning landscapes of the Y2Y corridor and is within the Y2Y’s Peace River 
Break (PRB) planning region. This area has become one of British Columbia’s most 
prominent regions for resource-related industry and extraction (Apps, 2013; Mann & Wright, 
2018) and industrial expansions have the potential to fracture this fragile corridor. Despite 
the high conservation value and significant threat of development, the WHSA currently has 
little protected area representation. Accordingly, the WHSA provided a unique opportunity to 
utilize the newly developed CCC-SCP methods.  
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6.1 What are the Probable Future Conditions Within the PRB and How Could They Affect 
Conservation in the Region? 
The synergistic effects of anthropogenic disturbance, habitat fragmentation and 
climate change pose a significant threat to biodiversity that is challenging to predict. Within 
the WHSA, drastic increases in natural resource development coupled with notable changes 
in climatic regimes threaten to compromise the integrity of this vitally important landscape 
level corridor. The effects of climate change are being particularly felt in Northern British 
Columbia where the recent 2019 Canada's Changing Climate Report (CCCR) produced by 
Environment and Climate Change Canada noted that warming rates are approximately three 
times the global average. Consequently, the PRB is projected to experience significant 
climate change impacts. Within the Peace, annual mean temperatures are projected to 
increase by 2.8°C by the 2080s (Plan2Adapt, 2013) while frost-free days, growing degree-
days and annual precipitation rates are also projected to increase. What’s more, the 
magnitude, frequency and intensity of extreme events in the Peace are projected to increase 
for both rainfall and temperature due to climate change. Extreme cold temperatures are 
projected to occur less frequently, whereas extreme high temperatures are projected to occur 
more frequently (British Columbia Agriculture and Food Climate Action Initiative, 2018; 
Plan2Adapt, 2013). 
As drastic changes in the local climate alter ecosystem composition, structure, and 
function, estimating spatial shifts in climates and their associated habitats, and identifying 
locations where novel, disappearing, and increasingly rare climates as well as areas of refugia 
are likely to occur can enlighten conservation planning initiatives and enable pre-emptive 
planning for future climate conditions. Furthermore, the mapping and quantification of 
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anthropogenic disturbances can help identify areas of ecological importance that are 
vulnerable to anthropogenic disturbances. 
6.1.1 Increased Anthropogenic Disturbance and Reduced Connectivity 
As climates shift across the landscape in accordance with climate change, species will 
be forced to venture out of their current ranges in an attempt to track suitable climates and 
find shelter in refugia. In doing so, they will inevitably be presented with natural 
geographical and anthropogenic barriers that hinder their movements and migrations. This is 
especially relevant within the PRB which, contrary to most other Rocky Mountain regions, is 
characterized by a substantial human development footprint from forestry, seismic 
exploration, mining, wind and hydropower. Cumulatively, these developments are rapidly 
transforming the PRB into an industrialized landscape at an alarming rate. Half of the PRB is 
already within 0.5 km of permanent anthropogenic disturbance impacted areas (hard human 
footprint), 43% of the area has a medium-high potential for resource development, and 25% 
has high-very high potential (Mann and Wright, 2018).  
The high value for both conservation and resource development results in a landscape 
that is both highly threatened and highly contested. The recent approval and construction of 
the Site C Dam on the Peace River; a significant downturn in the forest sector; a lack of 
provincial action on conservation measures for endangered Southern Mountain caribou until 
the eleventh hour (The Narwal, 2020); and caribou maternal penning initiatives by First 
Nations are just a few of the dynamics that characterize the area. With little existing 
protection in place, the WHSA represents an invaluable continental-scale corridor that is 
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extremely vulnerable to attrition by competing resource interests that persistently advance 
toward, and encroach upon, this vitally important area and the ecological values it contains. 
The pervasive and expanding human footprint within the Peace threatens to sever the 
connection of functional landscapes spanning the length of the North American Cordillera, 
implications of which could be catastrophic for biological communities that move and/or 
migrate along latitudinal gradients as their populations could be isolated. The WHSA 
landscape level corridor currently supports in situ connectivity for populations of most of 
North America’s native large mammals (Apps 2013) and has great potential to provide ex 
situ connectivity by connecting habitat patches across large landscape and continental scales 
in perpetuity. Although the landscape level connectivity analysis conducted as part of this 
CCC-SCP was able to identify a set of connectivity corridors connecting the protected areas 
contained within the PRB, the width of some of these corridors and proximity to natural 
resource developments highlights their fragility and potential for fracture with further 
developments. A fracture of the WHSA corridor would effectively sever this connectivity 
resulting in adverse consequences that would prove significant at a continental scale, 
resulting in the isolation of the functional landscapes along the north-south extent of the 
Canadian Rocky Mountains that connected landscapes from the greater Yellowstone 
ecosystem to the Yukon’s Peel River watershed. Protection of those lands with high 
conservation and connectivity value would both achieve conservation targets and enhance the 
landscape level connectivity in the region, thereby promoting biological persistence and 
climate change resiliency.  
When the human footprint (Fig. 1), landscape connectivity model (Fig. 32), and 
climate corridor maps (Figs. 20 and 30) are viewed together (reflected in Fig. 39), it can be 
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deduced that some climate corridors have already likely experienced fracture. For example, 
the forward short path climate corridors in the south east quadrant of the WHSA have largely 
been obstructed by anthropogenic disturbances. Where anthropogenic disturbances have 
resulted in “dead-end climate corridors”, managed relocation or ex situ measures such as 
captive breeding and gene banking of the species could be necessary to preserve species and 
genetic diversity. Conversely, where landscape connectivity corridors and climate corridors 
overlap, it indicates that these climate corridors are still intact and can likely provide both in 
situ and ex situ corridors at local and continental scales.  
In addition to the creation of “dead-end climate corridors” by anthropogenic 
disturbances, geographical barriers can result in equally significant barriers to migration. The 
topography of the WHSA largely has the potential to encourage altitudinal migrations from 
the low-elevation areas flanking the eastern and western boundaries, and latitudinal 
migrations north into even higher elevations. One major geographical barrier that may hinder 
migrations along the extent of the WHSA is the Peace Arm of the Williston Reservoir which 
bisects the northern and southern portions of the WHSA. This low-elevation valley which 
permits passage and ecological connections east-west over the otherwise impassable Rocky 
Mountains also hinders the north-south connections between the mountain national parks and 
the Muskwa-Kechika Management Area. Species tracking their niche climates to higher 
elevations and latitudes may be unable to cope with the drastically dissimilar climates and 
habitats that they would need to traverse to get from the high-elevation mountains south of 
the Peace Arm to the high-elevation mountains north of the Peace Arm. Accordingly, 
assisted migrations may be necessary for climate-sensitive species incapable of traversing 
this geographical barrier characterized by high climatic variability.  
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6.1.2 Shifting Climates / Habitats 
Protected areas established to preserve their encapsulated biodiversity in perpetuity 
may soon fail to adequately represent or even contain the biodiversity features they were 
once created to protect. Anticipating when and where habitats and their associated species 
may be distributed across the land base is important to consider when evaluating whether a 
protected area, or protected areas network, will be capable of effectively achieving 
conservation goals over time. 
By incorporating representational zones in the MARXAN ILP model without setting 
targets, I was able to assess how effective the existing and proposed protected area portfolios 
were at representing the various ecoregions, elevations and biogeoclimatic zones within the 
region. For example, the fluctuating amount of protection each BEC zone is projected to 
receive, or lack there of, can predict which BEC zones will likely receive adequate protection 
over time and which may require additional protection. Projected increases by the 2080’s in 
ICH forests, which contain more tree species than any other ecological zone in the province 
(Meidinger & Pojar, 1991), and an increased number of BEC zones (Table 18) may actually 
increase biodiversity in the WHSA. Some pockets of novel BEC zones seem to be biased 
towards establishment in protected areas, but others may not be.   
The incorporation of BEC projections as representative zones without set targets, 
allowed me to determine the current and future representational adequacy provided by the 
existing protected areas during the Gap analysis process. Those BEC zones such as the 
emerging IDF and MS BEC zones projected to experience inadequate representation in the 
future could receive additional attention with their potential protection being reviewed in the 
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MARXAN ILP Gap analysis and solutions. If adequate protection was achieved by a 
MARXAN-ILP solution, no additional targets would be required. Conversely, if inadequate 
protection was achieved, a target could be applied to the inadequately represented feature, 
thus, achieving adequate representation within the final conservation prioritization solution.  
6.1.3 Climate Change Refugia 
Areas characterized by low backward climate velocities, indicating that the area is 
easily accessible for the colonization of new species and capable of serving as climate 
refugia, were primarily found in the northern half of the WHSA at the highest elevations of 
the mountainous terrain (Fig. 18). The tendency for areas with high backward velocity 
climate refugia potential to be located in topographic heterogeneous locations with large 
variations in elevations indicates that the WHSA not only provides a myriad of climate 
niches that promote a diversity of species assemblages, it also has great potential to provide 
refugia for species for which climate niches are projected to shift into higher latitudes and 
elevations. Consequently, the incorporation of backward velocity climate change refugia as a 
conservation feature in this SCP ensures that areas expected to serve as vital refugia for 
climate-displaced species were prioritized for conservation. 
By identifying and mapping backward velocity refugia as well as where this refugia 
exists, or is absent from protected areas, one can infer whether a protected area is capable of 
serving as climate refugia. Fifty-seven percent of the existing protected area within the 
WHSA is projected to serve as climate refugia (Table 20). Consequently, these areas are 
likely to experience an influx of species as they migrate in accordance with climatic changes. 
This is especially important for protected areas planners to note and plan for because 
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management plans may need to adapt to include ex situ migrations of traditionally absent 
species.  
Within the WHSA, Graham-Laurier, Redfern-Keily, Kwadacha, and Northern Rocky 
Mountains Provincial Parks all contain very high backward velocity refugia values and 
consequently are projected to serve as climate refugia. Conversely, mid-elevation protected 
areas may serve as “stepping stones” where species retreat to for shorter timeframes during 
large scale migrations. The various roles individual protected areas are capable of playing 
should be identified and incorporated into management plans to maximize climate change-
resiliency within the protected areas network.  
6.1.4 Disappearing / Rare Climates  
As climates and habitats shift, often (but not always) to higher latitudes and altitudes, 
areas characterized by high forward climate velocities, which are prevalent in the high-
elevation alpine areas within the WHSA, are susceptible to extinction. Although these areas 
may function as refugia for species downslope, the species they currently harbour may track 
their shifting climates upward and poleward where they will potentially eventually cease to 
exist (i.e., climate cul-de-sacs).  
Although the topographic diversity of the WHSA results in a naturally relatively 
climate change-resilient landscape with low forward and backward velocities, disappearing 
and increasingly rare climates will still occur within the WHSA. As climates disappear across 
the landscape, increasingly rare climates have great potential to serve as biotic refugia. Biotic 
refugia (areas with increasingly rare climatic conditions, required by, and within reach of, a 
species in the future) were found to occupy approximately 23% of the WHSA total area and 
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are already 40.7% protected by the existing protected areas network. As anticipated, these 
areas are largely distributed along the mountainous spine of the WHSA and demonstrate 
strong association with high elevations. Accordingly, the topographic heterogeneity 
characterizing the WHSA creates areas of vital reprieve for those species most vulnerable to 
climate change and for which habitats will become increasingly rare in the future. Species 
requiring increasingly rare climates, and the habitats they support, are subject to an increased 
probability of declining populations, species extirpations, extinctions, and community 
disruption. Accordingly, the protection of their increasing uncommon habitats is imperative 
for the persistence of these species.  
6.1.4 Novel Climates  
Areas with low elevations tend to be characterized by higher backward velocities as 
their climate analogs are inevitably found in more distant locations, if at all. Within the 
WHSA, novel (to North America) climates are anticipated to emerge predominantly in low-
elevation areas such as those flanking the Rocky Mountains along the eastern and western 
boundaries of the WHSA as well as in some of the low-elevation valleys of the Rocky 
Mountains. Novel climates are projected to dominate the protected areas within the WHSA 
by 2085 with 76% of the existing protected areas being characterized by novel climatic 
regimes (Table 20). This is startling considering the bias toward high-elevation areas 
characterized by the existing protected areas within the WHSA. Although novelty within the 
existing protected areas network is projected to remain relatively low within the 2025 and 
2055 projections (2% and 21% respectively) a large increase in novelty is projected towards 
the end of the century (2085). 
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The mapping of novel climate emergences, as well as the degree of novelty 
anticipated, within the WHSA can prove valuable for anticipating, and planning for, the 
emergence of novel communities. These areas are likely to harbour a depauperate assortment 
of species adapted to future climate conditions, presenting the potential opportunity for 
establishing non-native species through managed relocation. Areas that experience climatic 
novelty may also experience the development of novel species associations, biomes, and 
other ecological surprises with potentially deleterious consequential effects on ecosystem 
services and function. This SCP identified that the majority of the area within the existing 
protected areas network in the WHSA is projected to experience novel climates by the end of 
the century. Identifying when, where, and how much area is projected to experience novel 
climates is imperative as it can help identify which protected areas should anticipate novel 
climates and allow planners to pre-emptively plan and adapt for new climates, biomes and 
species. 
6.2 What Areas in the WHSA Contain the Highest Conservation Value for Current and 
Future Biodiversity Features?  
The PRB is characterized by a substantial human development footprint that is 
rapidly transforming the landscape, and encroaching into the WHSA, at an alarming rate. 
Consequently, conservation planners should strive to use land efficiently to achieve 
conservation objectives so that resource development opportunities can be maintained. 
Furthermore, it is imperative that proactive conservation measures be taken in those areas 
still containing limited human disturbance, as well as retroactively in those areas that already 
contain a significant human footprint. To create the most spatially efficient conservation 
portfolio, in areas where both proactive and retroactive conservation measures could be 
197
employed, I utilized MARXAN-ILP to identify a portfolio of high value conservation lands 
capable of achieving current and future conservation targets in the least amount of area 
possible.  
To ensure that the inherent uncertainty within my projected future conservation 
features did not affect the efficacy of the final solution, I developed a method for 
incorporating climate change metrics into the SCP framework without increasing the amount 
of area (or cost) in a solution or affecting the solutions ability to meet targets for current 
conservation features. Furthermore, to prioritize lands for conservation, I re-introduced value 
into the traditionally binary MARXAN output solutions by identifying the number of 
overlapping conservation values per planning unit. These conservation diversity values can 
be used to prioritize targeted and timely establishment of protective measures. 
I developed and ran three scenarios: A) current climate biodiversity conservation 
features targeted; B) future climate features targeted; and C) optimized scenario that targeted 
both current and future features. For each of the three scenarios, MARXAN-ILP produced a 
solution by selecting those planning units that met conservation targets, had the highest 
individual and cumulative conservation value, and the lowest amount of human footprint 
(cost). To create an optimized solution, capable of selecting those planning units with the 
highest individual and collective values for both current and future conservation features, 
Scenario C targeted both current and future conservation features.  
In all three scenarios, a noticeable spatial pattern exists along a corridor of selected 
lands that stretches from the southwestern extent of the WHSA to Northern Rocky 
Mountains Provincial Park in the northeast. Below the Peace Arm, the selections are largely 
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concentrated in the western half of the Rocky Mountains. Conversely, north of the Peace 
Arm, the solution curves to the eastern portion of the Rocky Mountains around Graham 
Laurier Provincial Park, then back to the western side of Redfern-Keily Provincial Park 
before diffusing to occupy the majority of the northern portion of the top of the WHSA. The 
solutions are largely absent from the southeastern quarter of the WHSA below Hudson’s 
Hope down to Monkman Provincial Park and along the western boundary of the WHSA 
north of the Peace Arm (Fig. 38). Interestingly, all three scenarios selected lands that form a 
relatively contiguous corridor between the protected areas within the WHSA from Kakwa 
Provincial Park in the south to the Northern Rocky Mountains Provincial Park. This implies 
that not only does the landscape level corridor have great connectivity value, it also contains 
disproportionately high conservation value for current and future biodiversity features.  
The similar distribution of lands selected by all three scenarios highlights the 
significance of the constraint incurred by the anthropogenic disturbance cost surface (Fig. 1) 
used in this analysis. Although all the conservation targets were achieved by the final 
solution, the spatial arrangement of those lands selected was highly restricted. It has been 
well established that the high levels of resource-related infrastructure and development are 
rapidly closing in on the conservation window in the PRB. These results highlight the 
unfortunate reality that the question of “how much is enough?” is quickly becoming “what is 
left?”. In the case of the WHSA, permanent anthropogenic disturbances occupy 40% of the 
total area, but 68% of the total area is required to achieve all the set conservation targets. 
Hence, 28% of those lands selected for conservation prioritization are already compromised 
by permanent anthropogenic disturbances. When the impacts of disturbances that are more 
ephemeral in nature such as forestry and agriculture are also considered, the area of healthy 
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intact ecosystems available for conservation prioritization is reduced even further. Without 
swift action the WHSA may soon be incapable of achieving recommended targets such as 
those found within The Biodiversity Guidebook (Province of British Columbia, 1995). 
6.3 How do High-Priority Sites for Landscape-Level Conservation Differ Between a Static 
Biodiversity-Based Approach, and a Climate Change Resiliency-Based Approach to 
Conservation Area Design? 
Although a previous SCP completed by Curtis (2018) successfully identified high 
priority sites for landscape-level conservation using a static biodiversity-based approach, it 
was determined that these results would not prove adequate for comparison with this CCC-
SCP analysis. The rapid rate of development in the region created discrepancies within the 
cost layers used in this SCP and those used by Curtis (2018). Additionally, whereas the SCP 
completed by Curtis (2018) utilized binary cost and conservation feature datasets, this SCP 
was enhanced through the utilization of continuous datasets which allowed for the 
preferential selection of those areas with the highest individual and cumulative conservation 
values and avoidance of those areas with the highest costs. This analysis also added a Fisher 
habitat layer as a conservation feature in the current/static scenario (A) as Curtis (2018) 
recommended the addition of a low-elevation furbearer to offset the high-elevation biases 
noted in many of the other datasets. The land facet diversity and rarity conservation feature 
datasets used were removed from Scenario A (current/static biodiversity) and added as future 
biodiversity conservation features in Scenarios B and C. Additional future conservation 
feature datasets not used by Curtis (2018) that were incorporated in this SCP included 
elevational diversity, heatload index diversity, ecotypic diversity, climatic diversity, 
backwards velocity refugia, novel climates, and biotic refugia. While Curtis (2018) examined 
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the impacts of various binary cost surfaces on MARXAN-ILP solutions, this SCP analyzed 
the impacts of incorporating future biodiversity conservation features into MARXAN-ILP 
analyses while using the same cost surface. This allowed for a comparison of the traditional 
static biodiversity-based approach (Scenario A) and a climate change resiliency-based 
approach (Scenario C) to conservation area design. To further the practicality of this SCP’s 
results, representational zones including ecoregional, elevational and biogeoclimatic zones, 
as well as climate and landscape connectivity were assessed and compared with final 
solutions in order to provide supplemental information which was/can be used to further 
evaluate the MARXAN-ILP solutions. 
This SCP compared the solutions of three scenarios. The three scenarios, A) current 
climate biodiversity conservation features; B) future climate features; and C) a scenario that 
optimized for both, provide an opportunity to compare how high priority sites for landscape-
level conservation differ between the static biodiversity-based approach and a climate change 
resiliency-based approach to conservation area design. For example, although Scenario A 
only targeted current biodiversity features, it was also capable of adequately representing 
future biodiversity conservation features. Although this implies that current biodiversity 
features may inadvertently capture climate change conservation features, it is important to 
remember that these are only the results of one SCP and vastly different results could occur 
in an area with different topography and conservation features and targets. If scenario A had 
been incapable of achieving adequate representation of the future biodiversity targets, higher 
targets could have been set in the subsequent scenarios (B and C), which would have 
required that additional area be captured, thereby increasing the total cost of these solutions. 
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Scenario B, which only targeted future biodiversity features, required less area to be 
obtained to meet its targets but was not able to adequately capture the current biodiversity 
features. This implies that climate change conservation features are not effective at 
adequately capturing current biodiversity on the landscape. This is supported by Figures 34 – 
36 which show the cumulative number of conservation features captured in the solutions for 
current features, future features, and all features (panes 3 – 4). The greatest overlap in future 
climate-change conservation features is seen just south of Kwadacha Provincial Park and to 
the west between Kakwa and Monkman Provincial Parks, whereas the greatest overlap in 
current conservation features is seen in more dispersed patterns, often in the lower elevation 
valleys of the WHSA. 
Within solution C, small patches of planning cells were forfeited from solution A and 
replaced by alternative planning cells with higher individual and cumulative scores to 
achieve the “smartest” solution containing the highest individual and collective values, taking 
into consideration both current and future biodiversity conservation feature values. In total, 
only 4% of solution A was forfeited and replaced by alternative lands. Forfeitures occurred 
primarily in locations where the cumulative current conservation feature values were low to 
moderate. Additions occurred primarily in locations where the cumulative current 
conservation feature values were still low to moderate but also contained future conservation 
feature values. As such, the lands removed from solution A with low current conservation 
feature values were replaced in solution C with lands of similarly low current conservation 
feature values. This indicates that lands of high current conservation feature values were not 
abandoned in order to capture areas that overlap with areas with “potential” or future 
conservation values – the efficacy of the solution was not compromised. 
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6.4 What Characterizes a Climate Change-Resilient Protected Areas Network and What 
Elements of Climate Resiliency Should be Selected for in a CCC-SCP? 
Traditional SCPs that strictly target only current biodiversity and heavily, or strictly, 
utilize fine-filter strategies, even when keystone or umbrella species that act as surrogates for 
larger assemblages are used to inform fine-filter strategies, will likely fail to achieve their 
conservation goals. Therefore, effective, climate change-conscious SCP initiatives should 
strive to sustain rich, complex, and ecologically unique communities through a hybrid 
approach that incorporates fine- and coarse-filter approaches and targets current and future 
biodiversity.  
This CCC-SCP identified, quantified, and mapped rare land facets; areas of great 
environmental diversity; shifting, novel, and increasingly rare climates; velocity-based 
refugia; novel climates; and important connectivity corridors. Through utilizing a hybrid 
approach and incorporating these climate-change conservation features, in addition to a 
variety of fine-filter biodiversity features, a prioritized set of lands for conservation was 
identified that can effectively promote biodiversity, maintain disturbance regimes, and 
increase the climate-change resiliency locally, within the protected areas network, and at a 
landscape level. 
6.4.1 Incorporation of Geophysical and Environmental Diversity 
Effective CCC-SCP approaches should utilize a multiscale prioritization strategy that 
strives to create a network of protected areas that capture high‐diversity microrefugia within 
areas of low climatic velocity, across landscape types (Carroll et al., 2017). Coarse‐filter 
velocity metrics can be used to identify potential macrorefugia whereas fine‐resolution 
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topodiversity metrics can identify fine‐scale microrefugia. Furthermore, by ensuring 
adequate representation of landscape types, or land facets, the breadth of ecological patterns 
and processes as well as the biodiversity they sustain can be protected. 
The inclusion of land facets in a CCC-SCP acknowledges that some communities, 
species and/or ecosystems will not survive the extreme anticipated future changes or will 
reorganize (Tingley et al., 2014). Biodiversity has become a fast-moving target where, even 
with perfect aim, a strike is not guaranteed. When coupled with the uncertainties associated 
with various representative concentration pathway scenarios (including, but not limited to, 
RCP 4.5 and 8.5) with variable potential greenhouse gas concentration trajectories and their 
associated variable climate futures, global climate models (GCMs) and unpredictable 
biological responses, it can feel as if planning efforts are no more effective than taking a shot 
in the dark. The utilization of land facets in climate change-conservation planning removes 
the complexities of shooting at a moving target and allows conservation planners to target 
enduring features on the landscape that support the biodiversity they are targeting. 
The inclusion of land facets in the SCP framework is an easy way to include climate 
change-resiliency into a CCC-SCP without reducing the efficiency of the conservation 
planning process. Through the identification and targeting of land facets, a representative 
sample of physical environments that are present, as well as the processes that shape current 
patterns of biodiversity, can be captured. Hence, the protection and connection of land facets 
can serve as a simple geophysical-based approach to conserve and connect topographically 
diverse areas capable of supporting current and future biodiversity despite changing climates. 
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CCC-SCP approaches should strive to combine landscape‐level representation goals 
(such as land facets) with areas of high environmental diversity (potential microrefugia) and 
low climatic velocities (macrorefugia). Locations characterized by high environmental 
diversity will likely play different roles depending on whether they are located within or 
outside of macrorefugia. Areas of high environmental diversity that function as microrefugia 
outside of macrorefugia may function as holdouts or “stepping stone habitats” (Hannah et al., 
2014) with ephemeral value that eventually will be lost due to broad‐scale climate shifts. 
Accordingly, areas characterized by high levels of environmental diversity that serve as 
microrefugia within macrorefugia are more likely to persist despite broad‐scale climate 
changes. By incorporating environmental diversity metrics into a CCC-SCP, areas of 
microrefugia that overlap areas of macrorefugia can be targeted, thereby capturing those 
areas more resilient to climatic changes that are most capable of serving as refugia. 
Despite the demonstrated benefits of the geophysical and environmental diversity 
approaches to climate change-conscious conservation, it could be argued that these features 
favour topographic heterogeneity, which may be redundant with past efforts as 
topographically diverse regions are already overrepresented in protected areas networks. To 
combat overrepresentation, a thorough gap analysis of the existing protected areas network 
should be undertaken, and the conservation targets set for these features should take into 
consideration pre-existing representation.  
In addition to targeting geophysical and environmental diversity which may already 
be overrepresented in a protected areas network, rarity and representativeness can be 
assessed and targeted. For example, this SCP reviewed the 206 land facet types and ranked 
them according to their area to identify and target the rarest land facets on the landscape. 
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Another approach that could be used in a SCP is the inclusion of climate zones as 
representative zones in the analysis, which would allow one to assess the level of protection 
amongst the various climate zones and take this into consideration when setting conservation 
feature targets. Including diversity, rarity and representativeness can combat 
overrepresentation of topographic diversity and support adequate representation of 
environmental and geophysical diversity within a protected areas network. 
6.4.2 Incorporation of Refugia 
Amongst a landscape of shifting, disappearing, and emerging climates, refugia have 
facilitated species persistence over millennia under changing climate conditions (Roberts & 
Hamann, 2012). Climate refugia can provide safe havens during long periods of unfavorable 
climate, support biodiversity, serve as sources for colonization, and promote the development 
of new species by preserving populations long enough to allow for adaptive evolutionary 
changes (Ackerly et al., 2010; Keppel et al., 2011; Stewart et al., 2010). Hence, the 
identification and protection of refugia has become an important aspect of conservation 
planning in the face of anthropogenic climate change.  
Many different types of refugia exist, which require different methods of 
identification and data inputs. The incorporation of a multitude of refugia types is a simple 
and effective way to increase the climate change resiliency of a CCC-SCP. This SCP 
identified and targeted microrefugia (such as the aforementioned environmental diversity 
hotspots), macrorefugia (such as areas with low climate velocities), as well as in situ or ex 
situ refugia (such as biotic climate refugia). The inclusion of multiple refugia types can 
identify key areas for conservation prioritization such as those refugia most resilient to 
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climate change, characterized by high-diversity microrefugia within areas of low climatic 
velocity. 
Although backward velocity climate refugia will likely prove important to species as 
they track their shifting climate niches, these refugia locations are biased towards high-
elevation mountainous terrain where the threat of development tends to be quite low due to 
the difficulty and cost associated with developing such landscapes. As such, while 
identifying backward velocity refugia can serve as a valuable component in a CCC-SCP, the 
incorporation of backward velocity as a conservation feature in a SCP could prove to 
decrease the efficacy of a SCP by encouraging prioritization of areas characterized by 
economically marginal lands with steep slopes, low soil fertility, and low land-degradation 
pressure. This could further the residual reservation trend (Brooks et al., 2004; Rodrigues et 
al., 2004; Joppa & Pfaff, 2009) that conservation planners across the globe are trying to 
combat. This highlights the necessity of a proper gap analysis prior to conservation target 
setting. In areas where backward velocity-based refugia are already adequately or 
overrepresented, this type of refugia should not be targeted. 
Disappearing climates increase the probability of declining populations, species 
extirpations, extinctions, and community disruption for species endemic to particular climatic 
regimes (Jackson & Williams, 2004). Furthermore, many areas where climates are 
anticipated to disappear closely overlay regions identified as critical hotspots for biological 
diversity and endemism. Accordingly, the identification of increasingly rare climates as a 
result of climate disappearance should serve as a vital component in any CCC-SCP, as these 
sites are likely to harbour species that are disproportionately vulnerable to climate change. 
Protecting climates / habitats that are projected to become rare in the future can help combat 
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species extinctions and losses to biodiversity.  When climatic rarity (climate refugia) is 
coupled with biological information such as dispersal and niche breadth thresholds, biotic 
refugia containing areas with increasingly rare climatic conditions, required by, and within 
reach of, a species in the future, can be identified. Whereas the simple identification and 
protection of increasingly rare climates can help identify and protect future biodiversity, 
biotic refugia can help ensure the persistence of species that are disproportionately vulnerable 
to climate change. 
6.4.3 Identification and Planning for Novel Climates 
Novel climates are likely to harbour a depauperate assortment of species adapted to 
future climate conditions, with potentially deleterious consequential effects on ecosystem 
services and function (Carroll et al., 2015). Novel climatic regimes may also promote the 
development of novel species associations, biomes, and other ecological surprises. Despite 
the notorious reputation, novel climates present exciting new opportunities for testing 
ecological theory as they represent unexplored portions of climate space, where no 
observational data exist. Accordingly, determining where novel climates are likely to emerge 
can be a valuable tool for anticipating, and planning for, the emergence of novel 
communities. 
The inclusion of novel climates as a conservation feature for conservation 
prioritization provides an opportunity to monitor and research novel ecological interactions 
as well as the effects of climate change in areas devoid of widespread anthropogenic 
disturbances that might otherwise compromise results. Locating these sites on the land base 
may also help direct where opportunities for establishing range extensions through managed 
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relocation could be beneficial. Within the WHSA, 76% of the existing protected area will 
likely experience novel climates by 2085. This highlights the importance that protected area 
planners will need to be flexible and adapt to new climates, biomes and species. 
6.4.4 Adequate Representation of Current and Future Biodiversity 
Global warming and climate change are catalyzing the dynamic nature of 
biodiversity, requiring conservation planners to step outside of their comfort zones and to 
pre-emptively plan for uncertain future conditions. Protected areas established to preserve 
their encapsulated biodiversity in perpetuity may soon fail to adequately represent or even 
contain the biodiversity features they were once created to protect. Anticipating when and 
where habitats and their associated species may be distributed across the land base is 
important to consider when evaluating whether a protected area, or protected areas network, 
will be capable of effectively achieving conservation goals over time. 
The representativeness of features deemed inappropriate to set as conservation 
features, or those that may evoke apprehension, can still be included and assessed in a CCC-
SCP as representative zones that are assessed but not targeted for conservation. 
Representative zones can include, but are not limited to, elevation, ecoregion and 
biogeoclimatic and climate zones. Through the incorporation of these zones within a 
MARXAN model but with no targets set, the current representation of zones within the 
existing protected areas network, as well as alternative conservation solution outcomes, can 
be reviewed. This provides yet another means of assessing and comparing spatial solutions. 
When data such as shifts in biogeoclimatic zones or ecoregions in response to climatic shifts 
associated with RCP scenarios are included in this fashion, future representativeness of these 
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zones within existing and proposed protected areas networks can be assessed and considered 
without unnecessarily introducing the uncertainties inherent within these data or targeting 
areas based on characteristics other than their ability to facilitate biodiversity (such as 
elevation).  
6.4.5 Enhanced / Effective Connectivity  
The existing Canadian protected areas network is limited in its ability to sustain and 
promote biodiversity due to the small size and spatial disconnect between protected areas. 
When coupled with the significant pressure of climate change, it is unlikely that protected 
areas will be capable of effectively sustaining the biodiversity they were established to 
protect. Given these limitations, connectivity between protected areas is critical. As global 
climate changes proceed at unprecedented rates, isolated protected areas can no longer be 
expected to effectively conserve biodiversity. As species venture out of their current ranges 
in an attempt to track suitable climates and find shelter in refugia, they will encounter 
geographical and anthropogenic barriers that hinder their movements and migrations. 
Accordingly, enhanced landscape connectivity that facilitates movements to and between 
refugia, climatically suitable habitats, and protected areas should be a critical component in 
adapting conservation planning for climate change.  
Because landscape fragmentation is a pervasive characteristic of most regions, 
assessing how, and if, species can move across a landscape is a vitally important component 
of climate change-conscious conservation planning. Even in relatively intact landscapes, 
species may need to travel large distances to track suitable climate conditions (Mantyka-
Pringle et al., 2015). Accordingly, the identification, mapping, maintenance or enhancement, 
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and protection of connectivity between climate analogs, refugia, and protected areas should 
be an integral component of a CCC-SCP that supports the shifting of species’ distributions as 
a natural adaptation of species and communities in response to climate change.  
While traditional connectivity models that identify areas that permit species’ 
movements between current habitats and protected areas are a valuable component to 
conservation planning, these models often disregard the inevitability that climate-sensitive 
species will be forced to track suitable climates as they shift outside of their traditional 
ranges and their future habitat locations must be accessible. Therefore, the identification and 
mapping of important climate connectivity corridors can provide insights into which areas 
may serve as important ex situ corridors for species tracking shifting climates. When 
traditional landscape connectivity corridors and climate corridors are compared, areas of 
overlap can identify important corridors that are still intact and can likely provide both in situ 
and ex situ corridors at local and continental scales. A concerted effort should be made to 
identify and protect these areas before their capacity to support species’ movements is 
stripped by anthropogenic disturbances. 
By identifying important connectivity corridors, it is possible to determine where 
anthropogenic disturbances have fractured landscape and climate connectivity corridors, 
resulting in “dead-end corridors”. Areas with potential for reclamation should be identified 
prioritized for connectivity enhancement, whereas corridor blockages of a more permanent 
nature should be flagged as areas that may require more extreme conservation measures such 
as managed relocation, captive breeding and gene banking of the species.  
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7.0 LIMITATIONS 
The development and application of a CCC-SCP methodology proved to be a lengthy 
and complex process with numerous limitations due to vast background knowledge and 
expertise required, size of the study area, number of conservation features datasets 
created/prepped and incorporated, and technical expertise required to utilize multiple 
software tools. The degree of anthropogenic development and competing land interests 
further complicated the process.  
7.1 Limitations of CCC-SCP Methods 
 The incorporation of climate change data into conservation planning proved 
challenging because of the limited availability of reliable climate change data, the varying 
projection timeframes and RCP scenarios, and limited instructions for understanding and 
utilizing the data. As warming rates are geographically variable, as is emission scenario 
optimism, much of the climate change data available utilize different RCP scenarios and 
GCMs. Lacking consistency and much disagreement between scientists over which RCP 
scenarios should be used in adaptation planning and how the data should be utilized can 
further complicate the already complex process of selecting climate change conservation 
feature data. Within Canada, warming rates have increased at nearly double the global 
average, while in northern British Columbia they have nearly tripled (Environment & 
Climate Change Canada, 2016). Consequently, climate change data relevant to British 
Columbia require the utilization of more drastic scenarios with greater warming rates than 
areas subject to less warming. While many conservation scientists within North America, and 
more specifically British Columbia, have chosen to utilize the RCP 8.5 scenario which 
assumes emissions will continue to right throughout the 21st century, others believe this 
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scenario is not useful for adaptation planning as there is too much disruption and uncertainty 
to plan for. Consequently, much of their data utilizes a more conservative RCP 4.5 scenario 
which assumed emissions will peak around 2040 and then decline. With all this variability, it 
can be challenging to maintain consistency between datasets. Because I chose to utilize the 
RCP 8.5 scenario as it most closely aligns with warming trends in northern British Columbia, 
additional datasets that did not follow this emission scenario had to be excluded, thereby 
reducing the already limited data available.  
 In addition to a lack of consensus among the climate community as to which RCP 
scenarios are best suited to adaptation planning, the legitimacy of climate change adaptation 
strategies is commonly criticized due to their heavy reliance on these modeled simulations of 
future greenhouse gas emissions and the subsequent spatial and temporal variation in climate 
change (Tingley et al., 2013). Uncertainty associated with modelled projections can limit the 
legitimacy and utility of the results. Although attempts were made to reduce the amount of 
uncertainty within these datasets, thereby hopefully reducing apprehension associated with 
the utility of my results and methodology, the inherent uncertainties associated with any 
modelled dataset that cannot be truthed may prevent some conservation scientists from 
utilizing this methodology. One could argue that by selecting for both current and future 
biodiversity features, areas of higher “known” or current conservation values could have 
been abandoned in order to capture areas that overlap with areas with “potential” or future 
conservation values. While this may have occurred, it is important to note that all areas 
selected within the solutions consist of areas of high conservation value, in a complementary 
fashion, for all of the conservation features. A diversified, or hybrid, approach allows 
conservation scientists to hedge against uncertainty, thereby improving biodiversity 
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conservation outcomes by capturing biodiversity “unknown” at no additional cost to 
protecting “known” biodiversity.  
7.2 Practical Limitations of Conducting CCC-SCP  
 In addition to the challenges faced in developing a methodology and selecting data 
for this research, the technical nature of conducting a CCC-SCP further resulted in challenges 
and limitations in the application of the CCC-SCP. The technical expertise required to utilize 
multiple software tools required to perform a CCC-SCP proved to be a challenge that, 
although possible to overcome, increased the overall length of the process. As a result, the 
data utilized to construct the human footprint as a cost layer likely became dated as more 
development has occurred since the footprint model was constructed. Similarly, many of the 
“known” conservation features and their geographical extents may have changed within the 
time it took to perform this analysis (for example, an area important for fishers may have 
been clear-cut, thereby destroying this habitat). As global warming and climate change 
catalyze the dynamic nature of biodiversity, conservation planning initiatives need to keep 
pace to remain relevant and plan for future conditions and moving biodiversity targets.   
As biodiversity features may have shifted within the timeframe of this research, the 
current biodiversity conservation features may no longer be accurately spatially represented. 
Furthermore, the biodiversity surrogates used in this research could also be criticized as an 
oversimplification of ecological complexity found within the WHSA. Although multiple 
biodiversity surrogates were used at varying spatial scales to address this assumption, it is 
still possible that the “current biodiversity” conservation features failed to adequately 
represent the biological elements being targeted via surrogates. Due to the scale of the 
planning region, ground truthing of data was not possible in this SCP. Ground-truthing of 
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conservation features would prove to be a beneficial exercise at a more local scale prior to 
the delineation of protected area boundaries. 
In addition to challenges associated with the current biodiversity conservation 
features, many of the future biodiversity conservation features were derived from continuous 
fabrics of data. Determining how best to segregate the data and extract that portion 
containing the highest values proved to be difficult. For example, attempts to extract the top 
x% of environmental diversity values based on their unique values resulted in drastically 
variable results. An equal interval classification method that extracted the top 50% of one 
dataset may have captured 80% of the WHSA’s total area for one diversity feature, and only 
captured 10% for another because of their variable histograms. With no existing precedent to 
guide the extraction of “high diversity areas”, adequate representation of each diversity 
feature was captured using a quantile classification method that captured the 50% of the data 
(by area) containing the highest diversity values. Using a quantile classification method to 
extract those areas with the greatest diversity ensured adequate representation of each 
feature, but it also could have resulted in the inclusion of areas with relatively low diversity. 
Because the MARXAN model would have sought to capture that area containing the highest 
values, areas of relatively low diversity may have been captured where these areas 
overlapped with additional conservation features. 
7.3 Limitations of Conducting CCC-SCP in the WHSA 
The availability of consistent and reliable spatial data for “current biodiversity” 
conservation features within the WHSA was limited and the construction of conservation 
feature datasets was time-consuming. Although existing data were available for many of the 
current biodiversity conservation features (Curtis, 2018), these datasets were in a binary 
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format which required them to be re-generated to obtain their unique values so that areas of 
higher quality/value could be preferentially targeted over those areas of lesser quality/value 
by MARXAN. Where pre-existing datasets existed in a non-binary format, oftentimes those 
datasets were created by industry or by the provincial government with a commercial lens 
and were created for resource use. For example, fisher habitat data were created to help forest 
planners incorporate habitat needs of fishers into their forest planning decisions by assisting 
in the determinization of where and what to harvest, or avoid, to help maintain the habitats 
that fishers require. Furthermore, data used by Curtis (2018) in the development of the forest 
pattern and process layers had a primary purpose of analysing timber supply, and the bull 
trout layer was constructed using datasets that were built to measure the impacts of 
harvesting on riparian areas and watershed quality. Consequently, these conservation features 
may contain biases toward the values of natural resource sectors. 
7.4 Limitations of the MARXAN-ILP Solutions 
A major limitation previously indicated by Curtis (2018) was the WHSA boundary. 
Removal of Northern Rocky Mountains and Kakwa Provincial Parks from the northern and 
southern extents of the study area would have ensured that these areas, which are more 
representative of the Muskwa-Kechika Management Area and the Central Rocky Mountains 
protected area complexes, respectively than the WHSA, did not skew the results of this SCP. 
The inclusion of large portions of these protected areas resulted in an inaccurate 
representation of how much area in the WHSA is actually protected, masking the reality that 
the corridor connecting these large protected areas has little protection (4.8%). Furthermore, 
the inclusion of these large protected areas also affected the gap analysis, which assessed the 
representation of conservation features within the existing protected areas network in the 
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WHSA. Because many of the conservation features were captured by these large protected 
areas, the area required to achieve targets for each feature was largely diminished. Despite 
this limitation being previously noted, the same boundary was used in this research to ensure 
the results could be compared. 
8.0 RECOMMENDATIONS 
This research both identified, at a coarse-scale, areas that should be prioritized for 
conservation action in the WHSA, as well as formulated methodology for a climate change-
conscious systematic conservation planning framework. The final conservation portfolio, 
Solution C, can be used to prioritize areas for conservation and guide the establishment of 
conservation areas including protected areas, while the methodology developed can be used 
to help guide future conservation planning endeavors, ensuring that current and future 
biodiversity, both known and unknown, is preserved. By identifying the human footprint and 
areas of high conservation value, landscape vulnerability or the threat of development can be 
assessed. Furthermore, by identifying landscape and climate connectivity corridors, actual 
protected area establishment can ensure that vital connections within the WHSA are secured. 
8.1 Recommendations for Application 
To overcome the limitations associated with a binary MARXAN solution output, this 
CCC-SCP introduced conservation values into the final solutions, identifying the number of 
overlapping conservation features. While this information can prove valuable in the 
prioritization lands for conservation, it is important to note that the solution represents a 
complementary set of planning units, of which all are necessary to achieve conservation 
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goals. Reintroducing conservation “value” into the planning units should not be used as a 
means of endorsing an ecological version of battlefield triage, where areas of overlapping 
conservation values are prioritized with the unfortunate possibility of abandoning planning 
units with less overlapping units which may contain underrepresented features at greater risk. 
Instead, this information could be used to inform prioritization areas for imminent 
designation. As protection is established, even if not always within areas prioritized by this 
solution, the newly established protected area should be incorporated into the MARXAN-ILP 
model’s Protected Areas layer and the MARXAN-ILP analysis should be run again to ensure 
complementarity within the protected areas network. This iterative process would ensure the 
establishment of a protected areas network with the greatest efficacy that meets all of its 
conservation targets. 
 MARXAN-ILP’s live interface allows for the deployment of such an iterative 
process and also allows the conservation features included and their targets to be modified. 
As such, this model can be used with varying priorities to achieve alternative solutions that 
best represent the interests of those priorities. Furthermore, varying cost surfaces could be 
incorporated and utilized to deter the model from selecting areas unlikely to be available for 
conservation. The exclusion of lands subject to private ownership and incompatible land uses 
and inclusion of additional data could further refine the model. 
While a concerted effort was taken to include known conservation features, additional 
features of ecological, socio-cultural and economic (i.e., areas with potential to generate 
money through activities such as tourism) importance could have been incorporated into this 
CCC-SCP though the inclusion of local knowledge of stakeholders and First Nations. This 
research only incorporated conservation features obtained using quantitative methods for 
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gauging biodiversity and climate change resiliency, and strictly focused on the natural as 
opposed to the social dimension of conservation. It is imperative, however, to recognize the 
importance of both the natural and social dimensions in conservation planning. Conservation 
is both a natural and social endeavor, and as such, the social dimension plays a critical role in 
the success of conservation science. Accordingly, this research should serve as a starting 
point in a larger conservation-planning process. The results from this research should be 
embellished with values and knowledge derived from the social dimension through 
stakeholder and First Nations involvement and consultation to create a more holistic and 
interdisciplinary conservation plan capable of gaining public support.  
8.2 Recommendations for Future Research 
In addition to the inclusion of natural and social values through stakeholder and First 
Nations involvement, local and landscape level corridors should be considered and included 
in any CCC-SCP. This research highlighted the significant and unresolved challenge that is 
the development of a model that identifies important movement corridors for enhancing in 
situ and ex situ connectivity. Holistic climate change-conscious corridor planning should 
seek to incorporate all relevant variables including multivariate climate velocities, 
cumulative climate change exposure, landscape permeability, dispersal capabilities, as well 
as current and future land-use patterns. Significant advances in connectivity planning have 
been made (Dobrowski & Parks, 2016; Littlefield at al., 2017; Carroll et al., 2018) to date, 
but no connectivity modelling approaches have attempted to incorporate all of these 
variables. The development of such a model would help identify important corridor areas, or 
lack thereof, as well as provide important information in the determination of when species 
persistence may depend on human intervention. Where biotic velocities cannot keep pace 
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with climate velocities or anthropogenic, topographic, or climatic barriers interrupt range 
shifts, managed relocation or ex situ measures such as captive breeding and gene banking of 
the species could be necessary to preserve species and genetic diversity. Proactive and 
effective connectivity planning, and the protection of important movement corridors, can 
largely reduce the need for such drastic and costly measures. Therefore, the development of 
such a model should be prioritized so that vitally important movement corridors can be 
identified and receive protection before their capacity to support species’ movements is 
stripped by anthropogenic attrition. 
9.0 CONCLUSIONS 
9.1 WHSA Specific Conclusions 
The WHSA represents some of the last remaining intact wilderness in northeastern 
British Columbia. The topographic diversity of the WHSA provides a myriad of climate 
niches that promote a diversity of species assemblages. The topographic diversity of the 
region also results in numerous areas of low climatic velocity (climate change refugia) and 
increasingly rare climate conditions required for species (biotic refugia). These areas of 
refugia are likely to serve as important habitats where species can retreat to, and persist in, 
during large-scale and long-term climatic change.  
As climates shift across the landscape in accordance with climate change, species will 
be forced to venture out of their current ranges in an attempt to track suitable climates and 
find shelter in refugia. In doing so, they will inevitably be presented with natural 
geographical and anthropogenic barriers that hinder their movements and migrations. This is 
especially relevant within the PRB where the WHSA represents a narrow, yet relatively 
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intact, wildlife corridor along the spine of the Muskwa and Hart mountain ranges that 
connects functional landscapes along the north-south extent of the Canadian Rocky 
Mountains. The narrow WHSA corridor serves as an integral component of the continentally 
significant Y2Y corridor, which encompasses the ecologically connected landscapes from the 
greater Yellowstone ecosystem to the Yukon’s Peel River watershed. This landscape level 
corridor currently supports in situ connectivity for populations of most of North America’s 
native large mammals (Apps 2013) and has great potential to provide ex situ connectivity by 
connecting habitat patches across large  landscape and continental scales in perpetuity. A 
fracture of the WHSA corridor would effectively sever this connectivity, resulting in adverse 
consequences that would prove significant to in situ and ex situ migrations, at local and at 
continental scales.  
The WHSA represents an invaluable continental-scale corridor that contains a myriad 
of local habitat niches with potential for climate change refugia. Despite the area’s high 
conservation value, it has received little protection and is extremely vulnerable to attrition by 
competing resource interests that persistently advance toward, and encroach upon this vitally 
important area and the ecological values it contains. 
This research identified and located current and future conservation features, 
connectivity corridors, as well as a solution containing a selection of lands that together meet 
the conservation needs of the area. The output solution of this CCC-SCP analysis does not 
identify a specific set of proposed protected areas but rather a portfolio of lands with high 
conservation value that could be used in subsequent design of an appropriate core and 
corridor solution. As such, the information can be used to inform conservation decision-
making processes within the WHSA and will allow identification of conservation measures 
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necessary to protect specific values. While some conservation features are best suited to a 
protected areas designation, some high value lands identified in this process may be 
adequately protected by in situ conservation measures such as Ungulate Winter Range 
designations or Transitional Old Growth Management Areas status.   
The final solution from Scenario C identified priority lands that should be prioritized 
for conservation consideration. These areas met targets for both current and future 
conservation features and employed the principles of good protected area design. 
Complementing priority areas are identified as landscape and climate corridors (Figs. 29, 30 
and 32), which although perhaps not identified as containing the highest conservation feature 
values, are likely to contain high connectivity values. 
9.2 CCC-SCP Methodology Conclusions 
Effective, CCC-SCP initiatives should strive to sustain rich, complex, and 
ecologically unique communities through a hybrid approach that incorporates fine- and 
coarse-filter approaches to conservation, consider both the current and projected future state 
of the landscape, and facilitate species dispersal through enhanced connectivity. By utilizing 
a hybrid approach that incorporates all of these variables, conservation scientists can pre-
emptively plan for future climate conditions, hedge against uncertainty, take advantage of 
new information and methods, and customize planning to the unique needs and limitations of 
planning areas, thereby improving biodiversity conservation outcomes. 
Systematic conservation planning continues to rapidly evolve as new information and 
tools become available and is poised to take advantage of climate information and evolve 
into a climate change-conscious approach to conservation planning. Despite the limitations 
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imposed by a high degree of complexity and uncertainty, climate change-adaptation 
strategies should serve as an integral component of the SCP framework.  
This research both developed, and successfully applied a methodology for 
incorporating climate change resiliency into the SCP framework. This research demonstrated 
how climate change adaptation strategies can be incorporated into the SCP framework 
without allowing uncertainties inherent in modeled climate simulations to compromise the 
efficacy of the overall results. Furthermore, climate change resiliency can be integrated into 
the SCP framework easily and without increasing the overall cost of the final solution. 
What’s more, this methodology can be used to guide future CCC-SCP endeavors that are 
repeatable, transparent, scientifically defensible. Consequently, land planners and 
conservation scientists can be confident that the areas prioritized in this research, as well as 
CCC-SCPs that utilize this methodology, holistically represent all of the elements that 
comprise the ecology within the area of study.  
Conservation scientists now more than ever need to utilize a CCC-SCP framework in 
combination with sophisticated software tools and reliable climate change data to recognize 
and respond to opportunities for action, conserve our planet’s biodiversity and mitigate the 
effects of climate change. The extent to which ongoing attrition of valuable wilderness areas 
compromises biodiversity and contributes to global warming can be greatly minimized by the 
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